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Abstract 
A material to function as a molecular electronic device should have a strong coupling with 
electrodes through appropriate and well-defined anchoring groups and have to support an 
effective traveling of charges via a conjugated molecular backbone. Oligo(3-
hexylthiophene)s are π-conjugated molecules having large applicability in several areas of 
organic electronics owing interesting semiconducting properties and they also hold great 
promises in the field of single-molecule electronics. Stepwise synthesis of long thiophene-
based molecular wires with a precise control over molecular length and end-groups 
structures was already established; however, it requires a massive synthetic effort due to 
numerous iterative synthetic steps. Polymerization methods, in principle, allow 
construction of long conjugated systems in a single synthetic step, however, most of them 
lack precision. 
This work uses externally initiated chain-growth Kumada Catalyst - Transfer 
Polycondensation (KCTP) for the synthesis of semiconducting oligo(3-hexylthiophene)s 
with controllable molecular weights (with DP 10 and DP 15), low polydispersities (ᴆ from 
1.05-1.16), high regioregularities as well as with well-defined starting and end groups. In 
such a way, we compromise synthetic efforts and obtain relatively easily a series of very 
complex molecular wires with a reasonable structural precision. Particularly, the synthesis 
of rr-oligo(3-hexylthiophene)s with tert-butyl (
t
Bu) and trimethylsilylethyl (TMSE) 
protected thiolate starting and end groups was obtained from differently-functionalized 
initiators and monomer/initiator feed ratios. A satisfactory degree of end-group 
functionality (up to 70%) and precisely defined chemical structures were revealed by 
extensive analysis of obtained products. To modulate the electronic function of oligomer 
backbones, specific charge-transfer moieties (DMA-TCBD and Fc-TCBD) were inserted 
as side chains or end groups. In-situ termination of KCTP with ZnCl-functionalized 
electron rich alkynes followed by Diederich-type click reaction resulted in the synthesis of 
asymmetrical oligo(3-hexylthiophene)s having thiolate-functionalized starting groups and 
donor-functionalized end-groups with a high degree of end-group functionalizations. Side 
chains of double-thiolate functionalized oligo(3-hexylthiophene)s, on the other hand, were 
further modified with the insertion of charge-transfer groups by post-polymerization 
functionalization. While the facile synthesis and modification of oligo(3-hexylthiophene)s 
enable the control over the molecular backbone, the specific starting and end anchoring 
groups allow the control over the electrode oligomer interface. Particularly, 
t
Bu-S or 
TMSE-S protected oligo(3-hexylthiophene)s were converted into thiolates by trans-
protection to thioacetates followed by in-situ de-protection to thiolates. To assure the 
formation of alligator clips between oligomer backbone and Au electrode, the binding 
energies on gold were compared with/without an in-situ deprotection step. Finally, the 
conductance of bis-end functionalized oligo(3-hexylthiophene)s was preliminarily studied 
using Mechanically Controllable Break Junctions (MCBJs) setup and using electrical 
contacting of single DNA origami-templated gold nanowires. For the former, charge 
transport through a single oligomer backbone, it has been found that the triangularly 
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shaped conductance traces around 10
-2
 G0 with smaller electrode displacement is accordant 
with the formation of shorter conductive bridges from oligomers with shorter chain 
lengths, whereas the large spread conductance traces around 10
-4 
G0 with larger 
displacements correspond to the lower conducting longer oligomer segments. The latter, 
charge transport through individually contacted oligomer-attached DNA origami-templated 
gold nanowires, strongly indicated the enhancement of nanowire conductance via the 
binding of conductive backbone in gaps between gold nanoparticles. 
In conclusion, the developed KCTP-based synthetic route in this work presents new 
opportunities for the facile synthesis and modification of asymmetrical and side chain 
functionalized oligo(3-hexylthiophene)s for needs of molecular electronics. The structural 
uncertainty arising from the oligomeric nature of obtained products can be, at least 
partially, circumvented by chromatographic methods. Therefore, our approach opens a new 
way for an easy preparation of a large quantity of relatively well defined and very complex 
molecular components for needs of molecular electronics. 
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1. Molecular wires as nanoscale bridges 
Conventional electronics are made mostly from bulk materials, such as from crystalline 
silicon wafers. Since their invention in the 60s, the complexity of circuits has grown 
exponentially and according to that trend, named Moore’s law, the sizes of key electronic 
components, such as transistors, tend to reduce also exponentially. Reduction of the 
features’ sizes, on the other hand, dramatically increases the fabrication expenses based on 
traditional top-down lithography approach. The idea behind the so-called molecular 
electronics is to “synthesize” electronic components, i.e., built up atom by atom in a 
chemistry lab by means of organic chemistry methods (bottom-up) rather than carve them 
out of bulk material (top-down). In such a way, one can achieve the ultimate 
miniaturization of components down to the case of single molecules. In this way, billions 
of copies can be fabricated simultaneously with an atomic precision and unprecedented 
complexity. The molecules to be used in molecular electronics should have properties that 
resemble traditional electronic components such as a wire, transistor or rectifier. Single 
organic molecules for future nanoelectronics become substantial since they are intrinsically 
small with a length scale of few nm which allows a better understanding of charge 
transport at quantum level. This creates a worthwhile view for understanding how single-
molecule devices could work by analyzing the effects of molecular inherent features on 
charge transport properties. Moreover, the potential of the bottom-up approach in 
nanoelectronics can be promoted by the alterations in chemical structural design with the 
incorporation of lots of variable, tunable functions including rectifying and switching 
elements into these molecular backbones. Although the integration of single organic 
molecules into junctions to probe electrical characteristics still remains a demanding task, 
each development drives researchers to establish possible alternatives for a better 
competence in low dimensional junctions. 
1.1. Design principles of nanojunctions 
The charge transport through a molecular junction relies on each constituent of a junction: 
the electrode-molecule interface and the molecular backbone. In this section, the 
correlation between charge transport and the structural design of a junction will be 
explained in detail. But first, the transport patterns for charges should be mentioned briefly 
since any small variations in these design issues may strongly alter the transport 
mechanism. 
Electron transport across single molecule junctions
1-5
 
Electron flow in a molecular junction follows two distinct charge transport mechanisms: 
coherent transport via the single electron tunneling in which electron is transmitted through 
a single potential barrier and incoherent thermally activated hopping transport where 
sequential tunneling occurs.
2
 
When the electron crosses the junction directly from one electrode to another in a single 
step by coherent transport, electron never delocalizes on the molecule and owing to elastic 
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process, no energy exchange is observed within the junction.
3
 For the conductance 
measurement in molecular junctions, a current (I) between the electrodes is recorded upon 
applied voltage (V) and the conductance is determined as G≡I/V. At the atomic level, the 
conductance is quantized and the quantum unit of conductance, G0, is defined by 
                                      𝐺0 =
2𝑒2
ℎ
= (12.9 𝑘𝛺)−1                                         (1.1) 
where e is the charge of electron and ℎ is the Planck’s constant. In the Landauer theory, it 
is assumed that the electrons move from one electrode to other. The transport is only 
subjected to elastic scattering within the junction and the conductance has to be defined by 
a transmission function T. This changes conductance expression G(E,V) according to 
Landauer formula:  
                             𝐺 =
2𝑒2
ℎ
∑ τij =  G0 ∑ τijijij                                         (1.2) 
where Tij is the probability that an electron coming from the left end (i), will be transmitted 
to right end transversely (j). If a perfect single mode conductor present (T=1), each mode 
contributes exactly one quantum unit of conductance G=G0.  
 
Figure 1. 1 Schematic representation of electron transport through vacuum (left), and through 1,4-
benzenedithiol molecule (right)
4
 
When the electrons tunnel between two conductors through vacuum (gap) with a potential 
energy larger than their kinetic energy, incoming electrons are mostly reflected but there is 
still probability for going beyond the vacuum barrier by applied bias voltage as in Figure 
1.1 (left). The transmission probability under low bias voltage is defined by: 
                                                        𝜏 = 𝑒−𝛽𝑑                                                 (1.3) 
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where d is the width of the barrier and β is the tunneling constant. Therefore, Landauer 
formula can be modified to estimate the conductance through a tunneling junction as: 
                                      𝐺 = 𝐺0. 𝑒
−𝛽𝑑;      𝛽 =
2√2𝑚(𝛷−𝑒𝑉 2⁄ )
ℏ
                       (1.4) 
where m is the mass of the electron, Φ is the work function for metals, the local tunneling 
barrier height in vacuum, V is the applied voltage.  
When a single molecule is bridged between two metal contacts, the molecule itself behaves 
as a tunneling barrier for electron transport and transmission is determined both by 
molecule and the contacts. As seen from Figure 1.1, when the simplest example 1,4- 
benzenedithiol is bridged between the electrodes, the conductance expression is modified 
as: 
                                      𝐺 = 𝐴. 𝑒−𝛽𝑙;     𝛽 =
2√2𝑚∗𝛷∗
ℏ
                                  (1.5) 
Where A is the quantum conductance depending on the electron density of states at the 
point where the molecule contacts the gold electrode, 𝑙 is the molecular length, m* is the 
effective electron mass and Φ* is the effective tunneling barrier height to the closest 
molecular level (HOMO or LUMO) relative to Fermi energy of the metal, EF.  
 
Figure 1. 2 Schematic view of hopping transport through long molecular wires
4 
The charge transport mechanism changes into hopping from direct tunneling when the 
molecular wire gets longer. As in Figure 1.2, the incoherent transport occurs since 
electrons may dwell on several states during transport, which gives rise to a hopping type 
sequential tunneling of electrons. The localizations on several molecular orbital states 
cause a relaxation of the molecular geometry and thus some energy is dissipated inside the 
junction, showing an inelastic process.  
Transport mechanisms are determined by metal-molecule coupling strength (Г) 
(weak/strong coupling regime). When a chemical bond between molecule and electrode 
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through anchoring units occurs, this coupling leads to discrete molecular energy levels 
broadened with fractional charge transfer and also a shift of molecular energy levels 
relative to EF. Due to these changes, the molecule cannot be treated as in vacuum anymore. 
Therefore, a simple resonant tunneling model was proposed by the representation of 
molecule as one discrete molecular energy level, ε, also close to EF. In this model, 
electrons at this discrete level are assumed to cross double barrier without being reflected. 
If the level where electrons occupied is at equilibrium with the left contact, the number of 
electrons on that level can be calculated by NL=2f(ε,μL) (and similar for right contact 
NR=2f(ε,μR).  
 
Figure 1. 3 The single level model for electron tunneling through double barrier,𝜞𝑳 , 𝜞𝑹 and one 
discrete energy level,𝜺 4 
In the case of strong coupling between the molecule and the metallic contacts, the orbitals 
of the molecule and the electronic states of right/left contacts can overlap, results in a 
broadening of the single discrete energy level. As a result of this single level model, the 
current through molecular junction can be expressed by the formula: 
                         𝐼(𝑉) =
2𝑒
ℎ
∫ 𝑑𝐸𝜏(𝐸)|𝑓𝐿 (𝜀, 𝜇𝐿) − 𝑓𝑅(𝜀, 𝜇𝑅)|
∞
−∞
                  (1.6) 
where the 𝑓𝐿 (𝜀, 𝜇𝐿) and 𝑓𝑅 (𝜀, 𝜇𝑅) are Fermi distribution functions of left and right 
electrodes, transmission probability of the single molecule junction 𝜏(E) is further 
represented by Lorentzian as: 
                            𝜏(𝐸) = 2𝜋𝐷(𝐸)
𝛤𝑅𝛤𝐿
𝛤𝑅+𝛤𝐿
=
4𝛤𝑅𝛤𝐿 
(𝐸𝐹−𝜀)2+(𝛤𝑅+𝛤𝐿 )2
                        (1.7) 
where ε is the discrete molecular energy level of conduction orbital, 𝛤𝐿 / 𝛤𝑅 are the 
coupling between molecule and left /right contacts. And under symmetric coupling, the 
conductance becomes: 
                                               𝐺 =
2𝑒2
ℎ
4𝛤2
𝐸𝑚𝑜𝑙
2+4𝛤2
                                                 (1.8) 
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where 𝛤 is the coupling strength between molecule and electrode and 𝐸𝑚𝑜𝑙 is the energy 
barrier between conduction orbital of molecule and the Fermi level of metal.
5
 When 𝐸𝑚𝑜𝑙 
is large transport of electrons occurs via simple tunneling, whereas if 𝐸𝑚𝑜𝑙 is not as large 
and 𝛤 is strong enough electrons transport via a resonant tunneling mechanism. In 
consideration of the single level electron tunneling model, high conductance through 
molecular junctions can be obtained by large 𝛤 due to strong metal-molecule coupling and 
small 𝐸𝑚𝑜𝑙 due to close energy levels.  
 
Figure 1. 4 Schematic representation of a molecular junction with two major functional units: (A) 
electrode-molecule interface for fine-tuning of energy alignment and the robust coupling between 
metal and molecule, (B) molecular backbone for functional devices with tiny structural variations 
in conjugation, conformation or length
6
 
1.1.1. Electrode-molecule interface 
When a molecule is bonded to the metal contact, charge flow through that interface occurs 
and the discrete energy levels within the interface are aligned and broadened. Therefore, 
the coupling strength (𝛤) between molecule and electrode, and the energy barrier,𝐸𝑚𝑜𝑙, 
difference between Fermi level and the molecular orbital offset, become substantial for the 
charge transport through junction. The strength of the coupling between electrode and 
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molecule can be tuned by alterations in electrode materials and anchoring groups while the 
construction of junctions. 
Control on coupling strength & energy alignment 
The coupling strength (𝛤) through a single-molecule junction can be manipulated by the 
choices of electrode materials and anchoring groups. To date, for the construction of 
molecular junctions, different electrode materials with decreasing Fermi levels 
[Ag>Cu>Au>Ni>Pd>Pt] have been used.
7-8
 It was previously demonstrated with amine 
terminated oligophenyl molecular junctions with Ag or Au metals, the higher Fermi level 
of Ag metal can cause slower charge transport through the metal-molecule interface and 
thus lower conductance when compared to Au junctions.
9
 The changes in conductance 
using different metals cannot be always explained as a consequence of Fermi level of the 
metal. From a study related to the junctions of alkane diisothiocyanates with Au, Pd and Pt 
metals by Ko et al., Pt or Pd electrodes was found to create ~3 fold higher junction 
conductance than that of Au. It was evidenced that the Fermi level of metals becomes 
insignificant when alkyl chains with a large HOMO-LUMO gap are in question. Yet, this 
conductance effect of different metals was explained by the contribution of π character 
from d orbitals of Pd or Pt metals to the coupling strength as well as the broadening of the 
energy levels leading to a decrease of the energy barrier.
10
 Due to this large HOMO-
LUMO gap of alkyl chains, the alterations in tunneling barrier by means of different 
anchoring groups become negligible.  
The strength of electrode-molecule coupling, especially the type of electronic coupling 
between anchoring group and metal is considered to be in charge of the changes in 
conductance. The charge transport upon binding thiol (-SH), amine (-NH2) and carboxyl (-
COOH) anchoring groups to gold electrodes was studied. By Tao et al., the junction 
conductance, as well as the binding strengths to gold, was found to decrease in the order –
SH>-NH2>-COOH,
11
 which is attributed to the different types of electronic couplings 
between Au and each anchoring groups. This is because -SH strongly binds to Au surface, 
while –NH2 (like pyridine and nitrile) forms relatively weaker Au-N donor-acceptor bond 
by the coordination of lone pair in N to unsaturated surface Au atoms and –COOH also 
binds via rather weak ionic and coordinating interactions.
12
  
Recently, a covalent attachment to gold was developed by Venkatamaran group with a 
direct Au-C σ bond formation via a methylene group and π-conjugated wire upon in situ 
cleavage of trimethyltin (-SnMe3) group which resulted in much higher conductance than 
diamine terminated analogs as seen in Figure 1.5a.
13
 The electron was found to be 
transferred by a near-resonant tunneling mechanism, and transfer efficiency increased 
when compared to thiol anchors. Soon later, with a similar approach, trimethylsilyl 
protected (-TMS) alkynyl terminated oligo(phenylene-ethynylene)s (OPEs) were found to 
form Au-C bond after in-situ de-protection of alkyne moiety via cleavage of TMS group.
14
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Beyond in-situ cleavages, in-situ electrochemical reduction of a diazonium anchoring 
groups was also achieved to form Au-C bonds within the interface.
15
  
By the study of Danilov et al., the single methylene spacers inserted between π-conjugated 
backbone and the anchoring group was observed to change directly the charge transport 
mechanism to sequential tunneling with a decrease in conductance; directly connected 
wires, on the other hand, facilitate the charge transport.
16
 Together with the binding 
strength, anchoring groups are found to be responsible for the stability of junction which is 
increased with uniform binding geometries to electrodes. This trend was investigated by 
Wandlowski et al. by comparing both conductance and stabilities of junctions formed with 
-SH, -NH2, cyano (-CN), pyridinyl (-PY) and dihydrobenzo[b]thiophene (-BT) anchoring 
groups as illustrated in Figure 1.5b. From the conductance (-CN << -PY < -NH2 < -SH < -
BT) and stability (-CN << -NH2 < -SH < -PY = -BT) analysis of diphenyleneacetylene and 
oligoyne junctions, –BT and –PY anchoring groups having uniform binding geometries 
without spacer were found to exhibit highest junction formation probability and stability.
17-
18
  
 
Figure 1. 5 Formation and of Au-C bond via –SnMe3 anchoring groups with the comparison of 
molecular conductance with –NH2 anchoring groups (A), junction conductance and length 
dependence on anchoring groups (B) 
10 
 
1.1.2. Molecular backbone 
Meanwhile, the transport properties of a single-molecule device are mainly characterized 
according to the quality of the electrode-molecule interface, the electronic functionality is 
largely determined by the molecular backbone. In principle, the electronic conduction of a 
material basically depends on firstly a continuous form of strongly interacting atomic 
orbitals for the formation of electronic band states and then the presence of an insufficient 
number of electrons to fill those energy bands. In inorganic semiconductors and metals, 
overlapped atomic orbitals create a number of continuous energy bands and the strength of 
overlapping determines the delocalization of electrons throughout whole atomic array 
leading to the bandwidth.  Likewise, for organic molecules, electronic transport strongly 
relies on the delocalization of electrons across the entire molecule. 
π- Conjugation 
The overlapping between valence atomic orbitals of carbon atom (2s, 2px, 2py and 2pz) in 
C-C double bond can create σ and π bonding molecular orbitals (MOs): from head-on 
overlaps σ bonding by the localization of electron density between two bonded nuclei (sp2) 
and from parallel 2pz orbital overlaps π bonding, perpendicular to planar molecular 
skeleton (xy- plane),  occur. The π bond-delocalization happens when more than two 
adjacent 2pz orbitals are combined and electron pairs are shared by more than two atoms as 
a result of conjugation, the resonance pattern of alternating double and single bonds. Since 
pz orbitals involved bonding MOs (π) are generally higher in energy and anti-bonding MOs 
(π*) are relatively lower in energy than the corresponding σ orbitals involved MOs (σ and 
σ*, respectively), pz orbitals become substantial to determine the HOMO and LUMO 
levels of conjugated molecules.
19
  
 
Figure 1. 6 Molecular orbitals formation from σ and π bonds (A) left for ethylene molecule, right 
for 2pz overlap for extended PAc chain; (B) strong delocalization of charge carriers through 
conjugated PAc chain
20
 
The delocalization of molecules can be extended to some degree by forming polymer 
chains. For the extension of π-conjugation as from ethene molecule to 1,3,5-hexatriene 
molecule and further to polyacetylenes (PAcs), larger π systems with extensive electron 
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delocalization are generated by a decrease in HOMO-LUMO gap as illustrated in Figure 
1.6a.  In 1977, the outstanding study of 2000 Nobel Prize Chemistry awardees Shirakawa, 
MacDiarmid, and Heeger showed that the conductivity of PAc films increased 7 orders 
magnitude upon treatment of iodine vapor.
21
  It was also proved that the positive charges 
formed by the oxidation of PAc film with iodine vapor were able to migrate through 
polymer chain due to the resonance structures formed by the alternation of single and 
double bonds in polyacetylene structure as in Figure 1.6b.
22
  
Thus far, it has been consistently evidenced that the junction transport properties may 
strongly be influenced by even little changes in chemical structures resulting variations in 
electron delocalization. Tao et al. found that the junction conductance of 1,4-
benzenedimethanethiol two orders of magnitude smaller than the conductance of 1,4- 
benzenedithiol indicating the lack of delocalization of electrons due to methyl spacer 
groups between the aryl group and thiol anchors.
23
 When the conductance of thiol-
substituted σ-bonded alkane, C12, compared with π-conjugated systems, 
oligo(phenylenevinylene)s (OPVs) and oligo(phenylene-ethynylene)s (OPEs), it was 
clearly seen that lower conductance values observed in non-conjugated systems, as 
expected. Moreover, it was reported that the higher conductance of OPVs than OPEs 
depends not only on the better π-conjugation but also on the smaller bond-length 
alternation since vinylene linkage moderately disrupts the periodicity of π-conjugated 
molecular backbone as compared to ethynyl linkages in OPEs.
24-25
  
The dependence of junction conductance on molecular conformation was studied by 
Venkataraman and Mayor Groups by changing the conjugation length of the molecule with 
the alterations in the twist angle.
26-27
 The highest conductance was observed in more rigid 
fluorene structure which has the lowest twist angle, in which π orbitals have maximum 
overlap as seen in Figure 1.7. This trend was further supported by a study about 
oligophenylenes in which π-overlapping was weakened by the insertion of methyl groups 
to ortho-position of phenyl rings resulting in the rotation of rings.
28
   
 
Figure 1. 7 Single molecule junction conductance in terms of molecular conformation (a) chemical 
structures with changing twist angles, (b-c) conductance traces
26
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Diarylethene switches on the other hand with higher conductance in linear conjugated 
closed state than broken conjugated open state are the most prominent examples to give 
point to the importance of conjugation in molecular electronics.
29
 The effect of conjugation 
on the resistance of molecule junction was investigated by the disruption of conjugation 
from specific sites of oligophenyleneimine (OPI)
30
 and oligonaphtalene fluoreneimine 
(ONI)
31
 backbones. As seen from the resistance vs molecular length graph of OPI junctions 
in Figure 1.8, an increase in resistance was observed for longer wires in which hopping 
regime dominates, while a small change in conductance was monitored for wires in 
tunneling regime.  
 
Figure 1. 8 Dependence of gold/OPI/gold single-molecule junction conductance on molecular 
length as well as conjugation pattern with specifically designed conjugation broken OPIs (CB-
OPIs) 
The effect of conjugation pattern on conductance was also studied by Hummelen et al.
32
  
by the comparison of linear, broken and cross-conjugated anthracene wires. As a result of 
phase differences of π-bonding MOs, cross-conjugated anthraquinone wire showed a very 
low conductivity among others, even lower than the dihydroanthracene wires with broken 
conjugation, that can be further explained by an originally mesoscale device concept called 
quantum interference effect. 
Quantum interference effect 
In quantum interference concept (QI), due to the wave nature of electrons that transferred 
through energy levels, the charge transport pathways at single-molecule scale can be tuned 
in terms of wave functions of the molecule by the control of conjugation and conformation 
in single-molecule junctions. The QI effect was found to be strongly related to the 
interaction between π-states of molecule and σ-states of contact metal. In the early studies, 
QI effect was proposed to be preserved for large rings such as [18]annulene whereas for 
small rings as benzene the strong π-σ hybridization between molecule and contact was 
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obscured with σ-tunneling.33 The QI effect was first used as an explanation for the 
conductance difference between 1,3-benzenedithiol (meta-) and 1,4-benzenedithiol (para-), 
in which phase shifts in transmission or pathway interferences were believed to be reasons 
for lower conductance in meta-configuration.
34
 Similarly, the additional effects arising 
from anchoring groups were eliminated by the insertion of triple bonded thiophene units 
from meta- and para-positions to create remote end groups as in Figure 1.9a. By this kind 
of design, the QI effect was explained to follow two characters: as constructive due to the 
increase in conductance for para-coupled molecule and destructive due to a sharp decrease 
in transmission and thus conductance for the meta-coupled molecule as clearly seen from 
the transmission plot.
35
  
 
Figure 1. 9 Examples of quantum interference effect: (A) structures of thienyl anchoring groups 
from meta- and para- positions for direct binding to gold (top), transmission plot through molecule 
1 and 3 with a sharp drop in meta-bonded molecule 3, as an indicative of destructive OI (bottom);                  
(B) dependence of transmission on conjugation pattern with destructive OI for cross-conjugated 
molecule AQ 
The previously mentioned study about conjugation pattern by Hummelen et al. was also 
experimentally proved the destructive QI effect by the design of cross-conjugated 
anthraquinone based redox switch which is converted into its linearly conjugated 
hydroquinone state upon reduction without any change in molecular geometry or 
length.
32,36
 As seen from the transmission curve of cross-conjugated anthraquinone (AQ) 
wire in Figure 1.9b, the sharp drop of the transmission probability at certain energy 
indicates a destructive interference of the electron pathway leading to lower conductance. 
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By the definition of possible electron pathways with constructive or destructive QI effect, 
molecular switching devices with significant On/Off ratios can be further developed. 
Length dependence 
For the coherent transport via tunneling as charge transport mechanism, when a single 
molecule acts as tunneling barrier, the molecular junction conductance exponentially 
depends on molecular length as in the Equation 1.5.
30
 The tunneling constant (β) shows 
differences for different molecular wires and also is an indicative of the extent of 
conjugation of the molecular backbone; the better the conjugation, the lower the β. Alkanes 
with single saturated σ bonds as molecular bridges have high β tunneling constants around 
6-10 nm
-1
 and involve a charge transfer due to non-resonant tunneling which was shown to 
decrease with increasing molecular length and HOMO-LUMO gap.
37
 On the other hand, 
conjugated systems have lower β values around 1-4 nm-1 when compared to non-
conjugated systems. 
 
Figure 1. 10 Resistance of oligophenylimine (OPI) molecular wires with increasing molecular 
length (A), sketch of the change in charge transport mechanism from nonresonant tunneling to 
hopping at the transition ~4 nm (B) 
For longer molecular wires, much lower β values can be obtained owing to the presence of 
hopping mechanism for charge transport. Frisbie et al. reported the transition from 
tunneling charge transport to hopping mechanism by measuring how the alterations in 
temperature and molecular length affect the electrical resistance of the OPI bridged 
junctions and observed the transition at a length of ~4 nm as seen from Figure 1.10.
30
 The 
hopping mechanism was further shown explicitly by the comparison of tunneling constants 
of pyridine-terminated oligo(phenylene-ethylene)(OPE) derivatives in increasing length up 
to 6 nm; β=~3.3 nm-1 in tunneling region up to a molecular length ~3 nm and β=~0.16 nm-1 
in hopping region up to a molecular length ~6 nm.
38
 As a result, it can be concluded that 
hopping charge transport seems less dependent on molecular length than coherent 
tunneling transport.
31
 
Consequently, the control of energy alignment and coupling strength through the junction 
(by anchoring groups and electrode materials) and the control of the internal electronic 
structure of molecular backbone (structural effects and molecular length) determine the 
overall performance of single-molecule junctions. 
15 
 
1.2. Assembly strategies for longer molecular wires 
To date, several methods including ex-situ synthesis of wires and then insertion between 
electrodes, the stepwise growth of wires on electrodes and interconnection of electrodes 
with in-situ growth wires were attempted for the assembly of long molecular wires to form 
molecular junctions. Molecular wires with relatively short lengths were generally 
assembled between nanogaps after ex-situ preparation. In-situ assembly of wires directly 
into junctions then studying the charge transport properties as in OPE derivatives as long 
as 18 nm (Figure 1.11a),
39
 or self-assembling of oligomer wires on Au surfaces and then 
investigation of conductance mechanism with a second metal contact like STM tip as in 
arylenethylene wires with 7 nm length
40
 are the attempted approaches for the ex-situ 
prepared wires. 
 
Figure 1. 11 Long molecular wires that assembled between electrodes; (A) direct assembly of OPE 
wires by self-assembly, OTh wires by STM break junctions and PF wire by pulling with STM tip, 
(B) stepwise growth scheme of OPI wires and (C) self-organized interconnect method by Suzuki 
coupling 
The molecular wire can be assembled to bridge nanogaps by in-situ self-assembly into 
junction via anchoring groups
41
 or by the formation of Au nanoparticle dimer networks 
with end-functionalized wires and then electrostatically trapping this dimer structure into 
the junction.
42
 STM break junction technique, on the other hand, has been widely 
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employed for the assembly to study charge transport characteristics of several types of 
wires: OTh derivatives up to 9 nm with 23-mers (Figure 1.11a),
43
 substituted oligofluorene 
derivatives up to ~10 nm
44
 and OPE wires with lengths varying 1-5 nm.
45
 Another 
approach for the fabrication of wires with lengths greater than 100 nm with STM technique 
is initially based on the adsorption of wire on Au (111) surface and then the measurement 
of conductance as a function of distance between STM tip and Au surface while pulling the 
wire off the surface with tip (Figure 1.11a).
46
 
Another method for assembly of molecular wires is the step growth of wires directly on the 
surface to eliminate orientation and solubility issues arising from the extended and rigid 
backbones of long molecular wires. By the stepwise chemistry methods, a wire in a 
controlled length and orientation is aimed to be grown on a surface followed by the 
junction formation with a second contact, usually a metal-coated instrument tip. Long OPI 
wires ranging from 1.5 to 7.3 nm were built on Au surface by stepwise methodology 
starting by the formation of SAMs of 4-aminophenol and followed by stepwise imination 
and the alternate addition of dialdehydes and diamines (Figure 1.11b).
30
 By changing 
building blocks used in this stepwise imination methodology, ONI wires up to 10 nm
31
 and 
donor-acceptor containing oligothiafulvalene pyrimelliticdiimideimine (OTPI) wires up to 
20 nm with more efficient charge transport were obtained.
47
 In addition to stepwise 
imination, to date, stepwise assembly of wires on metal surfaces was also performed with 
iterative copper catalyzed alkyne-azide cycloaddition reactions for the synthesis of 
oligophenyltriazole (OPT) wires up to 40 nm on Au surfaces
48
 and with successive 
porphyrin-imide reactions for the stepwise assembly of metal-containing wires on Au 
surfaces.
49
 These stepwise obtained wires can also be formed simultaneously from both 
ends of nanogap electrodes and these functionalized wire segments with electrodes can be 
interconnected via identical surface linker groups. Taniguchi et al. were performed this 
method for 30 nm OPV wires synthesis via Suzuki coupling between functionalized 
electrodes and space linkers (stilbene or arylethene) which can be used not only to bridge 
electrodes for junction formation but also to bring an optical switching function to the wire 
itself (Figure 1.11c).
50
 These stepwise functionalized wires on nanogap electrodes were 
interlinked using several other techniques including metal coordination, imine formation, 
and stepwise click chemistry.
51
  
1.3. Methods for the synthesis of long molecular wires 
Among π-conjugated semiconducting materials, thiophene-based ones are of great 
importance due to large applicability in several areas as photovoltaics, field-effect 
transistors, organic light emitting diodes and sensors etc.  
1.3.1. Polythiophenes 
The story of unsubstituted polythiophenes (PThs) started with the preparation via chemical 
polymerization methods: with trifluoroacetic acid treatment,
52
 Ni-catalyzed 
polycondensations
53
 and copper chloride catalyzed oxidative coupling reactions.
54
 
Additionally, electrochemical polymerization methods were performed to obtain PThs on 
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metal electrodes in the presence of electrolytes.
55
 Even though these attempts were 
believed to result in 2,5-coupled PThs, the chemical structures were not precisely defined 
due to the lack of solubility. These unsubstituted 2,5-coupled PThs were found 
thermally/environmentally stable and highly conductive upon doping, the solubility issues 
limited the processability, ability to be printed on flexible substrates. Side chain 
substitution also strongly affects the macromolecular structural order, crucial for high 
device performances, e.g. bulky, small chiral and linear alkyl group substitutions as side 
chain result in less ordered, helical and ordered structures, respectively.
56
 For that purpose, 
flexible alkyl groups were introduced into the β-position of thiophene ring to form highly 
ordered and soluble, thus processable PThs, i.e. poly(3-alkylthiophenes) (P3AThs).
57-58
 
 
Figure 1. 12 Structures of 2,5-coupled unsubstituted PTh (1), regioirregular P3ATh (2) and 
regioregular P3ATh (3) 
Alkyl chain substitution into thiophene ring generates an asymmetrical structure, 3-
alkylthiophene (3ATh), whose sterically crowded 2-position is noted as “head”, while 5-
position noted as “tail”, as seen in Figure 1.13. Since 3AThs possess an intrinsic 
asymmetrical structure, the coupling of two 3-ATh rings takes place in a nonregiospecific 
fashion forming firstly three isomeric dyads; head to tail (HT), head to head (HH) and tail 
to tail (TT) from 2-5’, 2-2’ and 5-5’ couplings, respectively. As seen in Figure 1.13, this 
further leads the formation of four structurally nonequivalent triads; HT-HT, HT-HH, TT-
HH, and TT-HT.
59
  
When a 3-alkylthiophene ring is coupled with the adjacent 3-ATh ring from 2-2’ position, 
HH coupling, a steric repulsion between lone pairs of adjacent sulfur atoms with both alkyl 
chains of the Th rings occurs.
60
 In the case of repetitive occurrence of this irregular, 
sterically involved placement of solubilizing groups along the polymer chain, polymers 
tend to have a sterically twisted backbone, giving rise to a loss of planar conformation and 
thus π-stacking ability. And consequently, regioirregularity arising from multiple HH and 
TT couplings limits the materials energy-related properties.
61
 
Conversely, backbone with continuous HT-HT couplings, regioregular (rr) P3AThs are 
likely to have highly ordered polymer structures arising from organized self-assembly and 
delocalization through polymer backbone that result in superior properties than 
regioirregular (rir) counterparts.
61
 On that account, synthetic efforts have been focused on 
the developments of synthetic strategies towards rr-P3AThs to a great extent. 
18 
 
 
 
Figure 1. 13 Regioisomeric notations of the three structural dyads, four distinct triads and two final 
orientations of poly-3-substituted thiophenes 
1.3.2. Stepwise synthesis 
To date, several transition-metal-catalyzed selective cross-coupling methodologies 
including Yamamoto,
62
 Suzuki-Miyaura,
63
 Stille,
64
 Sonogashira,
65
 Heck,
66
 Negishi
67
 and 
Kumada-Tamao-Corriu,
68
 couplings have been used for the synthesis of oligo(3-
alkylthiophene) structures.
69
 The first oligo(3-alkylthiophene)s up to 6-mers in a stepwise 
manner was synthesized by an iterative Suzuki-Miyaura coupling reaction of boronic ester 
substituted octyl thiophene precursor with 5’-chloro-3.4’-dioctyl-2,2’-bithiophene after 
iodination.
70
 Even though oligothiophene synthesis by stepwise methods is quite tedious, 
to date the synthesis of oligothiophene wires terminated with thiols,
71
 alkynes,
72
 
aldehydes,
73
  isocyanides
74
 or alkylsulfanyl
75
 groups from mono or di ends were also 
accomplished after several iterative steps of Stille and Suzuki coupling reactions. Blocking 
the reactive α-position of 3-hexylthiophene by a proper protecting group and the stepwise 
extension of oligomer chain by the activation of newly formed chain end after each cross-
coupling step allow building up regioregular oligo(3-alkylthiophene)s with a controllable 
number of repeating unit. Although these kinds of approaches enforce regioselective 
functionalization in oligomer backbones, they still remain more challenging due to the 
necessity of numerous synthetic and purification steps considering the essential removal of 
byproducts after each cross-coupling step.  
To reduce the number of required steps, sequential dimerization/trimerization is also used 
to obtain a patternable sequence of oligomers. However, although the number of synthetic 
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steps becomes acceptable, the formation of regioirregular byproducts in significant 
amounts due to oxidative dimerization and homocouplings was a drawback. Generally, 
such regioirregular byproducts are difficult to separate from their regioregular counterparts 
due to similar molar masses and functionality leading to purification problems. One step 
further is the formation of oligomers with a regular pattern by the coupling of oligomers 
with different molecular weights to provide larger control of dispersity and thus the facile 
separation of regioirregular byproducts from high purity monodisperse regioregular 
oligomers. This synthetic strategy allows the formation of highly regioregular 
monodisperse oligo(3-hexylthiophene)s with the repeat units following Fibonacci numbers 
up to 21 via Stille coupling as seen in Scheme 1.1.
76
 Although the Fibonacci`s Route 
shortens the number of synthetic steps and allows facile separation from byproducts 
comparable to other approaches, the synthetic procedure is nevertheless quite tedious and 
overall yields of the final oligomers are relatively low. In consequence, polymerization 
techniques have become prominent in the preparation of wires.  
 
Scheme 1. 1 Fibonacci`s route for the synthesis of oligo(3-hexylthiophene)s  
1.3.3.  Polymerization techniques 
1.3.3.1. Electrochemical polymerization 
Under applied potential, the formation of stable radical cations during the electrochemical 
oxidation of monomers takes place to form polymer films via a nucleation and a phase-
growth mechanism on an inert electrode (platinum, silver, gold or indium tin oxide coated 
glass) in an electrolytic solution of monomer and supporting electrolyte in an inactive 
solvent. Those electro-generated radical cations during monomer oxidation are served as 
intermediate reacting species which then generate the neutral dimer by the sequential 
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radical coupling and deprotonation/re-aromatization steps. Due to the applied potential, 
obtained neutral dimer generates radical cation and undergoes the same sequential 
chemical process, then the polymerization proceeds via nucleation and phase-growth 
mechanism after a series of successive electrochemical and chemical steps as seen in 
Figure 1.14a.
77
 
Despite electrochemical polymerization method of unsubstituted thiophene monomer 
allows a rapid and facile formation of polymer films, obtained polymer films may contain 
some defects due to possible mislinkages like branching and cross-linking in addition to 
the solubility issues.
78
  In order to eliminate the formation of mislinkages, substituents 
were aimed to be introduced into β-position of thiophene to favor only α-α’ coupling rather 
than α-β’ or β-β’ couplings. The substituent grafted to β-position of thiophene unit affects 
the regioselectivity and the ordering quality of polymer film during electrodeposition. 
 
 
     Figure 1. 14 Classical mechanism for the electrochemical polymerization of thiophene (a), 
example of CV trace upon anodic polymerization of thiophene (b) 
78 
Linear alkyl chain substitution to β-position leads to an increase in conjugation, solubility, 
and conductivity by the change in the length of alkyl chains (n), besides, a decrease in 
oxidation potential is observed due to the inductive effects arising from alkyl groups.
79
 The 
thin layers obtained by electrodeposition, herewith the interactions between side chains, 
have a high degree of structural order and extended π-conjugation considering the optimal 
length of alkyl spacers (7<n<9) which stands for the compromise between the constrained 
flexibility (for n≈3) and crystallization (for n>10) of side chains.78 Thiophene monomers 
with 3-alkyl substituents were first electrochemically polymerized by Kaeriyama et al.
80
 
and it should be noted that the regiocontrol over polymerization was insufficient. 
Condensation polymerization 
Polycondensation chemistry is generally used for the synthesis of high-performance 
polymers for several applications. A conventional type of polycondensation reactions 
proceed in a step-growth manner and a stoichiometric balance between monomers to 
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obtain high molecular weight products is of great importance.
81
 This method allows 
synthesis of a broader variation of polymer structures and comparable polydispersity 
indexes based on the type of polymerization: oxidative couplings, metal-catalyzed 
coupling reactions etc.  
1.3.3.2. Oxidative coupling polymerization 
Oxidative polymerization as a type of polycondensation methodology produces polymer 
backbone by the repetitive coupling of radical cations formed by the elimination of 
available two hydrogens from a monomer via one-electron oxidation as in Figure 1.15. 
Unsubstituted thiophenes are readily oxidatively polymerized with several oxidizing agents 
such as FeCl3, AsF5 or CuCl2. After the synthesis of almost regiorandom polymers by the 
oxidative polymerizations of 3-hexyl substituted thiophene monomer with FeCl3,
82
 
alterations in reaction conditions were attempted to gain control over regioregularity. In 
varying temperature and monomer concentrations, the resultant polymers showed HT 
regioregularities up to 76% for an oxidation at a lower temperature (-45 
0
C) and 89% for a 
lower monomer concentration (0.02 mol/L).
83
 
 
Figure 1. 15 Schematic representation of FeCl3-catalyzed oxidative coupling 
The regioselectivity of oxidative polymerization was observed to increase up to 94 % by 
the slow addition of oxidation agent FeCl3 resulting a limited ratio of Fe
3+/
Fe
2+
 in the 
reaction medium and thus more controllability of polymerization as well as by the 
incorporation of π-conjugated systems rather than alkyl chains as 3-substituents leading to 
strong π-overlap through the chain.84 
1.3.3.3. Step-growth condensation polymerization via Metal-catalyzed cross-coupling 
reactions 
Even the developments in oxidative polymerization strategies allow the formation of 
rrP3AThs to some extent the control on regioregularity still remains insufficient due to the 
presence of multiple HH-TT couplings during polymerizations. In order to overcome this 
loss of π-conjugation and thus to eliminate the steric twisting of polymer backbones, 
research efforts have been focused on the preparation of polymer chains with continuous 
HT couplings. For that reason, Elsenbaumer et al. performed the first Ni-catalyzed 
polymerization of 3- and 4-alkyl substituted thiophene monomers to study both the alkyl 
chain length effect on solubility and conductivity.
57
 Soon later, in 1992, McCullough et al. 
performed Kumada cross coupling reaction for the synthesis of first known 3-alkyl 
substituted, HT coupled rrP3AThs.  
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Table 1. 1 Developments in the synthesis of rrP3AThs 
 
X,Y Step 1 M [a:b] Step 2 HT %  
I,I Mg/Et2O -- 
Ni(dppp)Cl2 
100 
0
C, 5h 
--
57
 Mn=2.5kDa
a
 
H,H FeCl3/CHCl3 
≤89% 83  
Mn=20-60kDa 
Ð > 2.0
b
 
94±2 
84
 
Mn=23kDa 
80% yield 
Ð =2.3
b
 
H,Br 
i)LDA/THF,-40 
0
C, 
40 min 
ii)MgBr2.OEt2, 
-60 to-40 
0
C, 40 min 
MgBr 
[~98:~2] 
Ni(dppp)Cl2 
-5 to 25 
0
C, 
18h 
91% 
85
 
Mn=12kDa-24kDa 
65% yield 
Ð =1.4
c
 
Br,Br 
Zn*/THF,-78 
0
C to 
rt, 4h 
ZnBr 
[90:10] 
Pd(PPh3)4 50% 
87
 -- 
Ni(PPh3)4 65% 
87
 -- 
Pd(dppe)Cl2 70% 
87
 -- 
Ni(dppe)Cl2 
0 
0
C to rt, 24h 
98.5% 
86-
87
 
Mn=24kDa-34kDa 
75% yield 
Ð =1.4
d
 
H,I 
i)LDA/THF,-80 to -
40 
0
C, 1h 
ii)SnBu3Cl, 
-80 
0
C to rt 
SnBu3 
[only a] 
Pd(PPh3)4 
reflux, 16h 
>96% 
89
 
Mn=10kDa-16kDa 
96% yield 
Ð =1.2-1.4
e
 
H,I 
i)LDA/THF, -40 
0
C, 
40 min 
ii)B(OMe)3, 
-40 
0
C to rt 
iii) ,rt, ½ h 
 
[only a] 
Pd(OAc)2, 
K2CO3 
THF, EtOH, 
H2O, reflux, 
16h 
≤97% 90 
 
Mw=27kDa 
51% yield 
Ð =1.5
f
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Table 1.1(cont.) 
 
X,Y Step 1 M [a:b] Step 2 HT %  
 
H, I 
H, Br 
 
Pd(OAc)2, K2CO3, nBu4NBr, DMF, 80 
0
C, 48h ~90% 
92
 
Mw=~3kDa 
~ 90% yield 
Ð =2.0
g
 
Herrmann’s catalyst, ,Cs2CO3, THF, 
120-125 
0
C, 24-48h 
>98% 
93
 
Mw>30kDa 
99% yield 
Ð =1.60
g
 
Br,Br 
iPrMgCl/THF, rt or 
reflux, 1h 
MgCl 
[~85:~15] 
Ni(dppp)Cl2 
rt or reflux,    
< 1h 
>99% 
94
 
Mn=20kDa-35kDa 
51-71% yield 
Ð =1.2-1.4
h
 
I,Br 
CH3MgBr/THF, rt, 30 
min 
MgBr 
[only a] 
Ni(dppp)Cl2 
rt, 2h 
>99% 
94
 
Mn=21kDa 
47% yield 
Ð =1.36
h
 
I,I 
t
BuMgCl/THF, rt, 1h 
MgCl 
[77:23] 
Ni(dppp)Cl2 
rt, 2h 
No rxn 
87
 ---- 
I,Br 
iPrMgCl/THF, 0 
0
C, 
½ h 
MgCl 
 
Ni(dppp)Cl2, 
THF, rt, 1d 
>98% 
96
 
Mn=32kDa 
Ð =1.36
i
 
I,Br 
iPrMgCl/THF, 0 
0
C, 
1h 
MgCl 
 
Ni(dppp)Cl2, 
THF, 0 
0
C to 
rt, 1d 
>98% 
125
 
Mn=28kDa                
78-82 % yield 
Ð =1.15
j
 
H,Br 
i)LDA/THF,-76 
0
C,1h 
ii)ZnCl2(dry) 
-76 
0
C to rt 
ZnCl 
 
Ni(dppp)Cl2 
rt, 12h 
>98% 
98
 
Mn=12kDa 
Ð =1.4 
 
 
a 
Ni-catalyzed coupling, 
b 
oxidative coupling, 
c 
Kumada coupling-McCullough method, 
d 
Negishi 
coupling, 
e 
Stille coupling, 
f 
Suzuki coupling, 
g 
Direct arylation, 
h 
GRIM method, 
i 
KCTP, 
 j 
quenched 
with 5 N HCl instead of H2O, -- (not reported) 
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It was found that 5-position protonated 2-bromo-3-alkylthiophenes were first selectively 
lithiated and then converted to magnesium derivative by transmetallation. Right after 
obtaining AB-type monomers, they were expected to react to give rrP3AThs up to 91% HT 
content by the addition of NidpppCl2.
85
 Soon after, a similar method was developed by 
Rieke et al. to synthesize rrP3AThs using Negishi cross-coupling reaction.
86
 This method 
was initially based on the oxidative addition of reactive zinc (Rieke Zinc) to 2,5-dibromo-
3-hexylthiophene to afford organozinc intermediate with very high regioselectivity. 
Treatment of this organozinc intermediate with different catalysts yielded P3HThs in 
different degree of regioregularities; while Pd(PPh3)4 yielded random P3HT, Ni(PPh3)4 and 
Pd(dppe)Cl2 yielded between 65-70 % regiospecificity, up to 98.5% head-to-tail content 
was achieved in treatment with NidppeCl2.
87
 Due to the size difference of ionic radii of 
Ni(II) vs Pd(II) together with the steric effects arising from ligands, it can be said that the 
metal and the ligand both affect the degree of regioregularity.  
As a result, a larger metal center and sterically crowded ligand are expected to afford more 
defect-free structures, since the degree of regioregularity is determined by reductive 
elimination step, which will be explained particularly in KCTP polymerization mechanism. 
Structurally defect-free P3AThs were also synthesized by palladium catalyzed cross 
coupling reactions of pre-purified and isolated organometallic monomers; organotin 
(Stille)
64
 and organoboron (Suzuki)
88
 intermediates. Iraqi et al. was performed a series of 
reactions to investigate rrP3ATh synthesis from 5-position organotin substituted 2-iodo-3-
hexylthiophene in different solvents, which resulted in rrP3HTs with HT content greater 
than 96%.
89
 Similar to Stille method, up to 97% HT regioregularity P3AThs were obtained 
by Suzuki type reaction in the presence of palladium (II) acetate.
90
 By Janssen group, the 
success of Suzuki polymerization of 3-alkylthiophenes in terms of molecular weight and 
regiocontrol was found to be highly dependent on the type of Pd catalyst used.
91
 Although 
the use of Stille or Suzuki type of cross coupling reactions tends to afford lower molecular 
weight and regioregularity P3AThs than Kumada and Negishi involved conditions, these 
limitations are tried to be improved by increasing the scope of reactions with the use of 
sterically demanding ligands. The first synthesis of rrP3AThs via direct C-H bond 
arylation was performed by Sevignon et al. in 1999 using 2-halogen substituted 3-
alkylthiophenes in the presence of Pd(OAc)2.
92
 Despite P3AThs obtained yielded a high 
degree of HT content (90 %) and low molecular weights, these properties were further 
improved to HT content greater than 98% and molecular weights up to 30kDa by the usage 
of Pd-mediated dehydrohalogenative polymerization with a special thermally stable bis-
palladium centered catalyst, Hermann catalyst.
93
 
Shortly thereafter the developments in polymerizations via metal-catalyzed reactions, in 
1999 McCullough et al. proposed a more feasible route following a Grignard Metathesis 
(GRIM) protocol with Kumada cross-coupling reaction,
94
 which was soon later shown to 
proceed in the chain-growth mechanism. In this method, 2,5-dibromo-3-alkylthiophene 
was reacted with an alkyl/vinyl Grignard reagent to afford a mixture of intermediates via 
metal-halogen exchange in a limited regioselectivity (85:15), yet the rrP3AThs with greater 
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than 99% HT linkages were obtained upon addition of nickel catalyst under non-cryogenic 
temperatures. This method allows the facile preparation of low PDI rrP3AThs as well as 
highest molecular weights up to 35kDa.  
1.3.3.4. Chain-growth condensation polymerization 
Assessment of chain-growth mechanism 
Conventional polycondensation polymers proceeding in a step-growth manner are 
expected to possess functional groups showing the same reactivity with the functional 
groups of precursor monomer.
81
 When the polymer end group formed during the reaction 
of monomer becomes more reactive than monomer itself, the step-growth polymerization 
process is transformed into a living condensation polymerization, in which a chain growth 
mechanism applies.
95
 
In principle, as a type of polycondensation reaction, nickel-catalyzed polymerization is 
expected to proceed in a step-growth mechanism involving a catalytic cycle of three 
consecutive steps: oxidative addition (OA), transmetallation (TM) and reductive 
elimination (RE). After the synthesis of highly regioregular moderately narrow dispersed 
P3AThs with the GRIM method, a deep insight into the polymerization mechanism of 
magnesium substituted monomer from corresponding 2-bromo-5-iodo-thiophene was 
gained by the study of Yokoyama et al. in 2004.
96
 It was proposed that molecular weights 
of obtained polymers were directly controlled by both monomer consumption and the 
amount of Ni catalyst used; thus Mn was found to be proportional to the [Monomer]/[Ni 
catalyst] feed ratio.  
 
Figure 1. 16 Discovery of catalyst-transfer polycondensation of poly(3-hexylthiophene)
97
 (a) 
concurrent studies conducted by Yokozawa et al. and McCullough et al. (b) justification of chain-
growth nature by Mn and Mw/Mn values as a function of monomer conversion. 
According to monomer conversion versus Mn and versus Ð plots as seen in Figure 1.16b, 
polymerization was shown to be proceeding in the chain-growth mechanism, in which Mn 
values were linearly correlated with the conversion of monomer, while Ð values remain 
steady throughout the polymerization. In similar with Grignard metathesis, for zinc-
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substituted monomer from corresponding thiophene derivative, same polymerization 
mechanism was reported by McCullough group.
98
 Soon after the proposal of proceeding in 
a chain-growth manner, the studies were deeply focused on the further clarifications about 
the polymerization mechanism involving an extensive MALDI-TOF analysis. It was 
shown that polymer chains are initiated by in situ formed initiator dimer of monomer, 
chain propagation end group is polymer-Ni-Br complex and each Ni forms one polymer 
chain while all chains have uniform end groups: one hydrogen and one bromine atom at 
the end of chains. On the basis of these results, a chain growth mechanism involving a 
unique intramolecular catalyst-transfer process for this Ni-catalyzed cross-coupling 
polymerization has been proposed by Yokozawa group in 2005 and further termed as 
“Kumada catalyst-transfer polycondensation (KCTP)”.99 At the same time by McCullough 
group, this mechanism has been proposed to follow the characteristics of a quasi-living 
polymerization process besides its chain-growth nature due to abovementioned features 
especially the initiation of one polymer chain per equivalent of Ni catalyst.
100
 
Chain-growth mechanism of KCTP 
KCTP allows easy molecular weight control of polymer as a function of monomer 
conversion and its feed ratio to Ni catalyst consumed. As outlined in Scheme 1.2, the 
proposed mechanism follows a catalytic cycle with three iterative steps as in all metal-
catalyzed polycondensations but differs in Kumada-Tamao-Corriu Ni-catalyzed reactions
68
 
in terms of chain extension by intramolecular charge transfer without the release of nickel 
after RE step by diffusion.  
 
Scheme 1. 2 Catalytic cycle of KCTP 
101
 
In short, firstly, monomer itself affords organonickel compound upon treatment of 
Ni(dppp)Cl2 and an associated pair with TT defect is formed with reductive elimination to 
zero-valent Ni complex. Then Ni(0) complex is inserted into the intramolecular C-Br bond 
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of this associated pair instead of diffusing to the reaction mixture. Transmetallation of 
another monomer intermediate to this nickel center occurs and followed by elimination of 
Ni complex and transfer to the next C-Br bond. Therefore, the polymer chain keeps 
growing in such a way that Ni species moving to the polymer end. 
 
Up to today, this polymerization mechanism has been investigated in detail from many 
aspects to improve the experimental conditions of KCTP to obtain high-performance 
polymers with controllable molecular weights, narrow polydispersities, well-defined end 
groups and multi-functional polymeric architectures.  
Chain initiation 
According to the proposed mechanism by McCullogh and Yokozawa groups, KCTP is in-
situ initiated by the dimer structure that formed after two iterative TM steps with one 
equivalent of Ni catalyst and two equivalents of monomer intermediates. Since these two 
monomers are connected in tail-to-tail fashion and polymerization is initiated from this 
bithiophene-Ni associated pair, the formed TT defect is carried along the polymer chain. 
Therefore, all in-situ initiated polymer chains are expected to contain starting groups that 
derived from the monomer structure, which also limits the applicability of polymers in 
different fields. In order to eliminate these drawbacks, initiation strategies based on the 
externally prepared initiators were attempted by several research groups. The ex-situ 
initiation concept is basically applied for broadening the applicability of KCTP by creating 
more complex chemical structures only with altering the chemical structure of Ni-
containing initiator. The ex-situ initiated KCTP was first studied in Kiriy group by the 
oxidative addition of aryl halides with Ni(PPh3)4 and then the initiation of KCTP by this 
Ar-Ni(PPh3)2-Br complex to obtain P3HT with a relatively broad polydispersity (Ð =~1.6) 
(1, Table 1.2).
102
 It was also shown by extensive analyses that this method perfectly 
initiates almost 100% of polymer chains without any reinitiation fraction to obtain 
unsubstituted P3HT for DPs lower than 30. To facilitate the ex-situ initiation process, the 
studies were heavily centered upon the nickel catalyst itself, since the reactions with 
Ni(PPh3)4 need to be handled in glove box environment due to its instability, 
carcinogenicity and extensive purification steps after obtaining catalyst-initiator complex. 
By means of this high reactivity of catalyst, side reactions like chain transfer or chain 
termination reactions can occur as an indicative of the non-existence of quasi-living nature 
of most polymerizations catalyzed by Ni(PPh3)4. Doubina et al., applied another method 
for the preparation of ex-situ initiator by lithiation of unsubstituted and electron 
rich/deficient aryl halides with nBuLi first then treatment with Ni(PPh3)2Cl2 to investigate 
the incorporation of initiator group to the polymer chain (2, Table 1.2). It was found that 
unsubstituted aryl halides initiated the polymer chains up to 89%, while the fraction of Ar-
initiation was significantly reduced to 42 % for electron deficient and 10% for electron rich 
substituted aryl halides due to Ar-Ar homocoupling and reinitiation from the catalyst 
Ni(PPh3)2Cl2 itself to form Br/H chain ends.
103
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Another approach was also performed by Doubina et al. involving a one-pot reaction of 
Nickel cyclooctadiene (Ni(cod)2) with aryl halides, then the “cod” ligand exchange by the 
addition of mono (PPh3) or bidentate (dppp, dppe or dppf) ligands (3, Table 1.2). Contrary 
to the general expectations, undesired chain terminations and reinitiation due to 
monodentate ligands, the best results were obtained by the use of monodentate PPh3 (90% 
Ar-initiation) and for bidentate dppf up to 83% Ar-initiation, while other bidentate ligands 
dppp and dppe only formed KCTP inert complexes, Ni(dppx)2.
104
 Ligand exchange 
procedure with bidentate ligand dppp was further applied for phenyl- and ortho-tolyl 
halides after the activation with Ni(PPh3)4 (4, Table 1.2). Obtained Ni complex initiators 
almost completely transferred all aryl units into polymer chains; aryl terminated P3HT in 
high yields, around 90% functionalization with relatively narrow dispersity (Ð =1.2).
105
 
When the moderately stable Ar-Ni(PPh3)2-X complex is formed from meta- or para- 
substituted aryl halides, Ar-Ar homocouplings and thus reinitiation of polymer chains by 
Ni catalyst become difficult to be avoided. For that reason, Ni initiator with ortho-methyl 
and para-ethynyl substitution relative to the Ni center was prepared by Smeets et al. to 
hinder undesired product formations. High degree of Ar group transfer (90%) with 80% H, 
10% Br-end functionalizations was observed after the incorporation of the prepared 
initiator with additional free dppp ligand (5, Table 1.2).
106
  
However, the ortho-substitution relative to Ni center is proved to be necessary to increase 
the controllability of polymerization mechanism, Kiriy et al. developed a method involving 
a new catalyst diethyl bipyridyl nickel (Et2Ni(bipy)) in which no undesired side reactions 
was observed for the aryl halides without ortho-substitution. The catalyst was also 
provided high yield transformations upon addition of dppp or dppe.
107-108
 Despite 
Et2Ni(bipy)-based external initiation seems to be the most efficient precursor, the tedious 
preparation process and the high reactivity of catalyst toward moisture and oxygen limit its 
applicability in a broader range and shifted focus on a much more stable and easily 
available Ni catalyst. The use of Ni(dppp)Cl2 (or Ni(dppe)Cl2) provides all the above-
mentioned requirements and the second TM step and the following Ar-Ar homo couplings 
are suppressed by their use after the conversion of ortho-aryl halides into magnesio species 
for KCTP (6, Table 1.2). As a result, aryl group was almost completely transferred into 
polymer chains with a precise control in Mw and dispersities.
109
 
The effects of ligands used for Ni catalyst on molecular weights were also investigated; 
low Mn values with broad Mw distributions were achieved by the use of Ni(PPh3)2Cl2, 
Ni(dppf)Cl2 and Ni(dppb)Cl2, whereas Ni(dppe)Cl2 and Ni(PPh3)4 allowed e formation of 
polymers with slightly lower Mn and broader Ð. By this study, Ni(dppp)Cl2 was also found 
to be the best match with theoretical values in terms of  Mn with narrowest Ð. On the basis 
of these results and kinetic studies performed by Lanni et al.
110
 and Lamps et al.,
111
 
phosphine ligand of the Ni catalyst directly influences the rate determining step which is 
believed as transmetallation for Ni(dppp)Cl2-catalyzed KCTP and reductive elimination for 
Ni(dppe)Cl2 upon polymerization mechanism.
112
 Kinetic studies were also suggested that 
the initial polymerization rate shows zeroth-order dependence on monomer concentration 
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and first order on the catalyst concentration. Additionally, it was reported that the 
polymerization rate for dppe catalyzed KCTP increases more than that of dppp with 
temperature. 
 
Table 1. 2 Development of initiator structures for ex-situ chain initiation in KCTP 
 
Initiator / A,B,C / Step 1 
 
H,H,Br 
Ni(PPh3)4 
1 
 
H (Ac or OMe),H,Br 
i)nBuLi 
ii)Ni(PPh3)2Cl2 
2 
 
H,H,Cl 
Ni(cod)2,PPh3 or 
(dppe, dppp, 
dppf) 
3 
 
H,Me,Cl 
i)Ni(PPh3)4 
ii)dppp(ligand 
exchange) 
4 
 
 
R,Me,Br 
i)Ni(PPh3)4 
ii)dppp (additional) 
5 
 
H,Me,Br 
i)Mg 
ii)Ni(dppp)Cl2 or 
Ni(dppe)Cl2 
6 
 
R,Me,Cl - H,R,Cl 
i)Ni(PPh3)4 
ii)dppp 
7 
 
R, Me, Br 
Ni(PPh3)4 
8 
 
R,Me
a
,Cl 
Ni(PPh3)4 
9 
a 
both o-position with CH3 
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Soon after, the importance of ortho-substitution relative to the Ni center was strongly 
supported by Doubina et al. in which initiators with ortho-methyl and ortho-phosphonate 
substitutions were prepared to investigate the steric differences between initiator structures 
on the KCTP mechanism (7, Table 1.2). The differences between initiation efficiencies of 
initiators (ortho-methyl 84%, ortho-phosphonate 45%) were believed to stem from the 
steric effects from the proximity of phosphonate group to the oxidative addition site. Since 
this proximity drives oxygen atom to be coordinated to nickel center and as a result slows 
down the ligand exchange process.
113
 Additionally to the formation of polymers in a 
precise control of Mw, initiators with para-functional group attached beside ortho-
substitution (8-9, Table 1.2) become attractive materials for the preparation of hybrid 
materials such as phosphonates for polymer/Fe3O4 metal oxide hybrids, pyridines for 
polymer/CdSe-ZnS quantum dot hybrids, phenols and thiols for polymer/Au hybrids.
114-115 
Chain propagation 
After formation of Ni(0) species’ intramolecular oxidative addition into the active carbon-
halogen site, chain growth occurs with one by one addition of monomer molecules 
following steps of a catalytic cycle; TM, RE, and OA, respectively. In principle, during the 
preparation of initiator, the formation of a π-complex occurs between d orbitals of Ni(0) 
and the antibonding π-orbitals of corresponding aryl halides right before the cleavage of 
the aryl-halogen bond.
116
 The association strength between these orbitals critically 
determines the controllability of polymerization.
117
 This π-complexation cause selective 
bond activation, which results in no dissociation of zerovalent nickel species from the π-
complex during reductive elimination and thus movement of Ni(0) species through 
aromatic backbone toward active carbon-halogen bond with an intramolecular oxidative 
addition.
118
 This intramolecular insertion was also supported by the study of McNeil group 
based on the competition reactions between aromatic small molecules.
119
  
 
Figure 1. 17 Unidirectional versus random ring walking process upon charge-transfer 
polycondensation 
Recently, π-complexation followed by intramolecular Ni(0) insertion has been shown to be 
the first irreversible step and a substantial factor for the continuation of chain-growth 
behavior. Sontag et al. studied ortho-toluenes with bromo and chloro substitutions and 
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proposed that an extremely facile intramolecular oxidative addition occurs for brominated 
structure in which energetic barrier for Ni(0) insertion is lower than that of ring walking.
120
 
As concluded from these findings, Ni(0) species which does not dissociate from their π-
complex, only transferred intramolecularly toward the active carbon-halogen site, in other 
words, they need to walk along the chain at least a monomer distance.  
To understand the exact nature of “ring-walking (RW)” process, Kiriy and coworkers 
observed chain propagation through the both ends of backbone when a bromobenzene-
functionalized Ni initiator was utilized. Noteworthy is the selective nature of ring walking 
of Ni(0) species and intramolecular transfer over many tens of thienyl rings, distances up 
to 1 nm. Unidirectional-RW occurs when zerovalent nickel transfers through the next 
active carbon-halogen site following only one direction due to electron deficiency of Br 
atom at other end and percent diminishes with the DP rise. While random-RW is formed 
by the free-walking of catalytic Ni(0) species in both directions using intermediate 
complexes until reaching an active carbon-halogen site for further OA step and the 
probabilities for random nature increase with the rise in DP (Figure 1.17). Due to different 
π-binding affinities of distinct chemical structures, thiophene, phenyl or benzothiadiazole, 
relative to Ni(0), the Ni(0) trapping on the units or the randomness of ring walking along 
the polymer chain was debatable.
121-122
 
Additionally to the externally initiated KCTP, chain propagation in in-situ initiated KCTP 
was shown to be proceeding by bidirectional-random ring walking process by the 
incorporation of tail-to-tail associated pair formed during chain initiation within the 
polymer backbone.
123
 
Chain termination - End group functionalization 
Chain termination in KCTP occurs by a loss in the correlation of Ni(0) and conjugated 
backbone after reaching the limited MW range that is determined by monomer 
consumption. In the first proposed mechanism, polymer end groups are determined as 
regular for all chains with Br in one end and H in another end in the absence of side 
reactions. The termination pattern is not influenced by the catalyst ring walking process. 
H-end groups are obtained from the hydrolysis of chain end inserted Ni-complex, which is 
also strongly indicative of living chains. The presence of Br/Br and H/H end groups 
derived directly from the catalyst, Ni(L)X2, indicates the possible chain transfer and/or 
chain terminations. That Ni(L)X2 in-situ initiation also complicates the end-group 
specificity, problems about the identification of end groups origin; from living chains or 
from re-initiated chains. Besides the better controllability of chain-growth mechanism, ex-
situ initiation also eliminates the deficiencies in end group analysis by the ease of 
differentiating aryl-initiated chains from re-initiated ones by spectroscopy techniques. Two 
main approaches have been undertaken to attach specific end groups on the P3AThs to 
extend the range of applications by creating more complex architectures; functionalizations 
via in-situ (Table 1.3) and post-polymerization (Table 1.4) methods.   
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i) In-situ method: 
After the invention of McCullough method, in 2000, the end group functionalization of 
polymer chain was first attempted on the basis of this method. The growing chains were 
terminated by the addition of 2-thienylmagnesium bromide or 5-trimethylsilyl-2-
thienylmagnesium bromide in the presence of additional Ni catalyst, resulting in a mixture 
of mono- and di-capped polymer chains in nearly same degree together with the significant 
amount of reinitiated HH dyads (1, Table 1.3).
124
 In 2004, Yokozawa et al. investigated the 
GPC profiles of P3HT while in-situ quenching with H2O and 5 M hydrochloric acid. The 
shoulder due to HH chains with Br/Br terminations makes the GPC profile of water 
quenched P3HT bimodal which is diminished upon HCl quenching (2-3, Table 1.3).
125
  
Later, McCullough and coworkers have reported an in-situ end group functionalization 
method by terminating GRIM polymerizations with several Grignard reagents.
126
 Grignard 
reagents having different substitutions as alkyl, allyl, vinyl, ethynyl, phenyl, tolyl etc. 
effectively terminates the Ni-π complex at the end of living chain and caps the chain from 
mono- and/or di-ends. For the aryl and alkyl end groups, di-capping was found to be 
dominating strategy by the further reaction with Grignard reagents, whereas for allyl, vinyl 
and ethynyl end groups, the possibility for di-capping was eliminated by the inactivation of 
next Br-end group due to the reaction of these unsaturated groups with reactive Ni(0) 
groups to form a stable Ni-π complex (7, Table 1.3).127-128  
In separate studies by Bielawski
129
 and Thelakkat
130
 groups, ethynyl termination was 
performed for azide-alkyne click reaction followed by block copolymer synthesis. It was 
also observed by Thelakkat et al. that the type of quenching reagent (HCl or MeOH) after 
ethynyl termination defines the possible side reactions. Hydration and hydrohalogenation 
products, as well as the low amount of alkyne functionalized product, were obtained when 
quenched with HCl, whereas MeOH quenching resulted in only alkyne functionalization 
(6, Table 1.3).
130
 Among Grignard reagents used in this study and by Yokozawa group, it 
is noteworthy to mention that the only Grignard reagent that did not cap the growing 
polymer chain was tert-butylmagnesium chloride (
t
BuMgCl). This sterically hindered 
Grignard reagent was believed to undergo the reaction with Ni-π complex at the end of 
living chain followed by β-hydride elimination reaction which results in H/H terminated 
chain ends as in direct GRIM reaction (5, Table 1.3). In the case of isopropyl magnesium 
chloride (
i
PrMgCl) termination, H/
i
Pr and H/H chain ends were observed (4, Table 1.3). It 
was also emphasized by Yokozawa et al., the amount of Grignard reagent (generally 
i
PrMgCl) used for the activation of monomer species becomes significant to obtain 
uniform end groups; even additional 0.05 eq (1:1.05 ratio of 2-bromo-3-hexyl-5-
iodothiophene:
i
PrMgCl) of Grignard reagent results in not ignorable 
i
Pr-terminations.
99
 
The degree of in-situ end group functionalization of P3HT obtained from GRIM 
polymerization was further investigated in the presence of additives (1-pentene or styrene) 
and lithium chloride (LiCl).  
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Table 1. 3 End groups obtained after in-situ termination of polymerization medium 
 
Entry quencher end-groups 
1
124
 
  
2
125
 H2O 
 
3
125
 HCl 
 
4
126
 
i
PrMgCl 
 
5
126
 
t
BuMgCl 
 
6
130
  
 
7
127-128
 RMgBr(Cl) 
 
8
115-131
 
 
 
9
133
 
i)S8/DBU 
ii)5 M HCl
 
 
10
133
 
i)TIPSH/
i
PrMgCl 
ii)5 M HCl, reflux 
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The use of additive with LiCl-Grignard termination complex for in-situ end capping 
resulted in a significant decrease in di-capped product composition due to the inhibition of 
further oxidative addition of quencher structure (tolyl- or pyridyl) to the active chain end 
since the additive interacts with Ni-π complex (8, Table 1.3).115,131 
To date, in-situ hetero double-end functionalization of oligothiophene backbones initiated 
by an externally prepared conjugated functionalized initiator was first performed by Bao 
group with a Suzuki type polymerization for the binding backbone to DNA from azide end 
via click chemistry.
132
 In our point of interest, in a recent study, in-situ thiol end-
functionalization of P3HT from both ends has been reported both for GRIM and ex-situ 
initiated KCTP, as one of two examples in literature for double-end functionalization via 
KCTP. Luscombe et al. applied this one pot high-yielding reaction for the selective 
addition of thiol moieties to P3HT chain ends using sulfur powder (S8) or triisopropyl 
silane thiol (TIPS-SH) (9-10, Table 1.3). Despite the thiol functionalization with S8 of 
KCTP product from the free end of P3HT as illustrated in Scheme 1.3a worked well, the 
bis-end thiol-capped P3HT only obtained with in-situ termination with TIPSSH, followed 
by TBAF deprotection for GRIM polymerization.
133
 Lately, in-situ termination of 
externally initiated KCTP with an ethyl substituted Grignard reagent was performed by 
Bazan et al. to yield hetero-end functionalization of oligothiophene backbone for the 
control of morphology by end-group induced pre-aggregation as seen in Scheme 1.3b.
134
 
 
Scheme 1. 3 Hetero-end functionalized oligothiophene structures in literature obtained with 
externally initiated KCTP followed by in-situ termination, (a) by Luscombe et al.
133
 and (b) by 
Bazan et al.
134
 
Consequently, in-situ end functionalization during GRIM polymerization has become a 
versatile method for the preparation of multifunctional P3AThs for specific purposes; 
grafting onto several surfaces, preparation of macroinitiators for block copolymers, 
preparation of hybrid materials or the use as components in nanoelectronic devices. 
Although GRIM polymerization allows both mono- and di-capping by in-situ end 
functionalization, to date externally initiated KCTP in literature has been mostly applied to 
the synthesis of mono-capped P3ATh in which mono-functionalization is based on the ex-
situ prepared initiator. Yet, examples of di-functionalized KCTP products having different 
starting and end groups are still rather limited.  
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ii) Post-polymerization method: 
Several reactions have been utilized for the end group conversion of previously in-situ 
quenched P3HT that has H/Br end groups in general. Br end groups of in-situ quenched 
P3HT can easily be converted into different functionalities by the postpolymerization 
method. The simplest example in literature involves the conversion of H/H end groups by 
treatment of 
t
BuMgCl followed by aqueous workup. The H/H end groups serve a 
convenient platform for insertion of functional groups from both ends; as in the use of 
Vilsmeier-Haack reaction to insert aldehyde end groups for further conversion into 
macroinitiators
135
 or for the functionalization of TiO2 nanoparticles for photovoltaics.
136-137
  
Table 1. 4 End group modification via post-polymerization method  
 
Entry reaction conditions end-group transformation 
1
135
 
i)
t
BuMgCl/THF 
ii)MeOH 
 
2
136
 
POCl3/DMF 
75 
0
C 
 
3
137
 
i)s-BuLi,-78 
0
C 
ii)CO2, -78  
0
C 
iii)HCl/MeOH 
 
4
140
 
i)CO2, 0 
0
C 
ii)2N HCl 
 
5
138
 
 
 
6
139
  
Pd(PPh3)4 
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For mono-capping with specific functionalities, conversion of Br group into 
tetrahydropyran-protected hydroxyl group was achieved by Negishi coupling (5, Table 1.4) 
and that protected moiety was reacted consecutive reactions to yield block copolymers 
having different segments with distinct properties.
138
 Similarly, with Suzuki cross 
coupling, conversion of Br end group into 4-hydroxymethylphenyl moiety (6, Table 1.4) 
for further functionalization to norbornenyl macromonomer followed by the formation of 
molecular bottlebrushes via ring-opening metathesis polymerization was also studied to 
obtain strong physical aggregation behavior.
139
 A selective method was reported by 
Thelakkat et al. in 2010, which involves a second GRIM polymerization followed by CO2 
termination for the quantitative mono conversion of Br unit in oligo(3-hexylthiophene)s 
(P3HT1-5) into carboxylic acid moiety (4, Table 1.4) for the creation of hybrid devices.
140
  
1.4.  Characterization methods 
1.4.1.  Nuclear Magnetic Resonance (NMR) spectroscopy 
Nuclear Magnetic Resonance (NMR) Spectroscopy is one of the most powerful tools for 
the identification, structural elucidation and quantitative determination of organic, metal-
organic and biochemical species. NMR spectroscopy is fundamentally based on the 
absorption of electromagnetic radiation in the radio-frequency (RF) region, which strongly 
influences the nuclei of atoms. In principle, the exposure of an analyte to an intense 
magnetic field causes nuclei of atoms to develop energy states required for absorption. For 
the structural elucidation, chemical shift (δ) and spin-spin splitting (J-coupling constant) 
are of great importance, which results from the resonance frequency of a particular nucleus 
relative to the resonance of reference nucleus and nearby electrons and nuclei upon RF 
radiation. Although more than 200 isotopes have magnetic moments (formula), 
1
H, 
13
C, 
31
P, 
15
N, 
19
F etc., are the most widely studied nuclei among them. While 
1
H-NMR has 
broader empirical correlations between δ and chemical structure thus far, 13C-NMR 
becomes more advantageous in terms of less spectral overlap due to the 200-ppm spectral 
window, more information about structural backbone and single line spectrum based on 
heteronuclear spin decoupling between 
13
C and 
1
H.
141
 
Since polymer structures are generally hydrocarbon-based, both 
1
H and 
13
C-NMR can be 
used widely for structural determination. As the detection of 
1
H nuclei is more sensitive 
and stronger in signals, 
1
H-NMR is generally preferred for the detection of weak signals 
from the specific functional groups of polymer structures such as chain ends or 
substituents. In order to unravel even more complex spectra for polymers; two-dimensional 
NMR (2D-NMR) combining multipulse techniques can also be used. 2D-NMR methods 
are used for the identification of resonances connected by through-bond coupling between 
homonuclear/heteronuclear nuclei or by the through-space correlations indicating specific 
interactions such as J couplings. When the correlations between two abundant spins like 
between two H nuclei are produced, 2D-NMR experiments are mainly called as 
homonuclear correlation experiments, frequently used ones are the correlation 
spectroscopy (COSY), nuclear Overhauser effect spectroscopy (NOESY), rotating frame 
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Overhauser effect spectroscopy (ROESY) etc. COSY experiments detect the correlations 
of a nucleus with itself as diagonal peaks and the correlations between homonuclear spins 
that are J-coupled that appear as cross-peaks, while in NOESY and ROESY experiments, 
additionally to diagonal and cross peaks, the correlations between nuclei that are physically 
close to each other can also be identified as axial peaks. When the coupling between nuclei 
of two different types is produced, heteronuclear correlation experiments, heteronuclear 
single-quantum correlation spectroscopy (HSQC), heteronuclear multiple-bond correlation 
spectroscopy (HMBC), can be performed by the detection of heteronuclear correlations 
between nuclei separated by one single bond and by multiple bonds up to 2-4 bonds, 
respectively.
 142
 
 
Figure 1. 18 Detailed end group analysis of P3HT (a) 
1
H-NMR spectra for the indication of TT 
defect (top), proton assignments for defect-free P3HT (bottom); (b) 
1
H-
1
H ROESY spectrum for 
the identification of polymerization mechanism, unidirectional versus random ring walking upon 
KCTP. 
So far, NMR has become a very powerful tool for polythiophenes in terms of elaboration 
of exact polymeric structures with defined chain ends, the degree of polymerizations, 
information related to HT regioregularity and thus planarity, number average molecular 
weights and possible chain-growth & termination mechanisms during polymerization.  
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The existence of structurally nonequivalent dyads and triads upon polymerization of 
asymmetrical 3-AThs, indicated in Figure 1.13, can be detected by NMR spectroscopy. 
These spectroscopically distinct dyads and triads give distinguishable chemical shifts. HH-
TT couplings can be detected by the presence of distinct peaks for both α-methylene 
protons (1 and 5 at Figure 1.18a-top) and aromatic thiophene peaks (2, 3 and 6 at Figure 
1.18a-top).
143
 Especially for the elucidation of reinitiated product and thus for the 
calculation of percent chain initiations for KCTP, NMR can be used as an efficient tool and 
degree of polymerizations can be calculated accordingly.
144
 By the help of 2D-NMR 
techniques, it was also proved that catalytic Ni(0) species due to the additional reactive 
sites, tend to walk along the polymerization backbone and can also initiate polymerization 
in opposite end causing random ring walking.
121
 As given in Figure 1.18b, 
1
H-
1
H ROESY 
spectrum with the cross-peaks and axial peaks as an indicative of nearby protons 
demonstrated the possible pathways for chain propagation mechanism. 
1.4.2. Matrix-Assisted Laser Desorption-Ionization Time-of-Flight Mass Spectrometry 
(MALDI-TOF-MS) 
MALDI-TOF MS is one of the versatile methods for highly complex systems as polymers 
providing valuable information about repeating unit moieties, end group functionalities and 
thus an extensive analysis of polymerization in terms of polymer sequence and chain 
initiation.
142,145
 
 
Figure 1. 19 Schematic view of MALDI source equipped with a TOF analyzer  
Simply in MALDI-TOF MS as represented in Figure 1.19, the polymer structures are 
vaporized by a laser beam. MALDI ionization forms gaseous ions without fragmentation 
or decomposition (soft ionization technique) by the help of a π-conjugated small molecule 
called matrix, which facilitates ionization by absorption of UV light. The analyte and 
matrix are simply placed on the same spot on sample plate and are exposure by a laser 
beam that ionizes matrix molecules. And thereafter, ionization of analyte occurs by the H
+
 
transfer from matrix molecules. And then the charged species are accelerated in electric 
field in constant kinetic energy and are separated by the mass-to-charge ratio (m/z) and 
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detected by TOF mass spectrometer. Ions with lowest m/z having much higher velocity 
travel fastest and detected first by a TOF mass analyzer that measures the time for ions to 
reach the detector. MALDI-TOF MS allows softer ionization of nonvolatile molecules, can 
be applied to mixed and sensitive samples. 
MALDI-TOF MS can provide semi-quantitative information about molecular weight 
distribution as well as a partial control about polymerization mechanism by analyzing the 
possible chemical structures in every stage of polymerization. As a matter of fact, the 
chain-growth mechanism of KCTP was initially determined by the MALDI-TOF spectra 
which indicated the uniform distribution of end groups among polythiophene chains as; Br-
end group at one end and H-end group at another end.
99
 As a result, one polymer chain 
formation for one Ni complex was simply revealed. Moreover, MALDI-TOF MS has been 
an efficient tool over the years for the determination of end group compositions and thus 
the polymerization patterns. 
1.4.3. Cyclic Voltammetry (CV) 
Cyclic voltammetry measurements are usually performed with a three-electrode single-
compartment cell consisting of a working electrode, a counter electrode, and a reference 
electrode. The target polythiophene derivative is either deposited on working electrode or 
dissolved in supporting electrolyte which is generally anhydrous acetonitrile or 
dichloromethane in the presence of conducting salts. Typically, tetrabutylammonium 
hexafluorophosphate (TBAPF6) is chosen as the ionic salt for supporting electrolyte to 
ensure electroneutrality within the charged film by the incorporation of counter ions (TBA
+
 
and PF6
-
, seen in Figure 1.21 as Y
+
 and X
-
, respectively) upon electrochemical doping 
process. Radical cationic/anionic polaron species are formed via electrochemical doping, 
the process of electron withdrawal (oxidation) or addition (reduction) to the polymer chain 
which makes a neutral semiconducting polymer conducting by creating electronic levels 
within the energy gap of the neutral polymer.
77
 This is due to the alterations in π-electron 
distribution along the chain arising from a chain relaxation during the formation of doping-
induced charged species and the stabilization into a quinoid-like structure from a 
benzenoid-like structure as seen in Figure 1.20a. 
The β-alkyl chain substitution in PThs leading to molecular arrangements of polymer 
chains strongly affects optical and electrochemical behaviors of the polymers. To date, the 
shapes of current-potential profiles of P3AThs upon doping, in particular, the two distinct 
reversible oxidation peaks have been controversially discussed in the literature. The 
evolution of two consecutive oxidation peaks from p-doping has been referred to a two-
step process; starting with the oxidation of neutral polymer to radical cation (polaron) by 
the stabilization of the ionized states with a geometrical distortion to a quinoid-like 
structure and then further oxidation to radical dication (bipolaron), which is 
thermodynamically more stable than the presence of two polarons due to Coulombic 
repulsion between two similar charges.
146
 While the first approach is based on the 
stabilization of formed charges upon doping, in another approach these two reversible 
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consecutive oxidation peaks have been ascribed to morphological non-homogeneity or the 
co-existence of the zones with different conjugation lengths.
147-148 
The shape of current-potential profiles upon p-doping was found to be influenced by the 
regiospecific content of the polymers. As seen from the comparison between cyclic 
voltammograms of poly(3-dodecylthiophene) with 86% (chemically synthesized), 60% 
(electrochemically deposited) and 0% (chemically synthesized pure HH-TT polymer) HT-
HT content presented in Figure 1.20b, a decrease in the number of redox peaks and a 
strong shift of oxidation peak potentials are observed as the content of HT-HT couplings in 
the polymer decreases.
149
 From the above-mentioned second approach for the 
interpretation of the cyclic voltammograms of regioregular polymers, the consecutive 
oxidation peaks are referred to the oxidation of zones with different morphology such as 
crystalline, quasi-ordered and disordered phases, which are directly related to the structural 
defects on the polymer chains. 
 
Figure 1. 20 a) nondegenerate ground state limiting forms of polythiophenes; aromatic and 
quinoid, and bipolaron formation in P3Ths upon oxidation by the stabilization of the ionized states 
by distortion from benzenoid structure to quinoid structure b) Cyclic voltammograms of the films 
of polymers with 86% (curve 1), 60% (curve 2) and 0% (curve 3) HT-HT couplings c) band 
structures of the polymers formed by doping from neutral to polaron then bipolaron state and 
optical transitions 
Despite P3AThs with high HT-HT content contain all these phases, crystallinity changes 
from 30% for pure HT coupled polymer to 15% for 80-85% regioregular formally 
amorphous polymer and decreases with decreasing content of HT couplings in polymer 
chain due to the loss of conjugation length.
150
 These morphological features of polymer 
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film define the number and the intensity of peaks in cyclic voltammograms. According to 
studies conducted, the first reversible oxidation peak originates from the oxidation of 
polymer zones with longest conjugation length, whereas the third oxidation peak 
corresponds to the segments with amorphous, shorter conjugation lengths. Cyclic 
voltammetry and spectroelectrochemistry studies reported by Skompska et al.
149
 have 
confirmed that for thin films of regioregular polymers, the ratio of the peak intensities 
IP1/IP3 is the highest and the polymer segments of different length-ordering is observed by 
the presence of three distinct isosbestic points in absorbance spectra recorded upon p-
doping. Additionally, the second oxidation peak is found to be originated from the 
oxidation of another part of neutral polymer film rather than a consecutive oxidation of 
pre-formed species in first peak region. Relative peak intensities, IP1 and IP3, increase with 
the increase of average molecular weight (Mn), while IP2 decreases with increasing Mn, 
observed by Trznadel et al. via recording the I-V plots of different fractions (acetone, 
hexane, dichloromethane and tetrahydrofuran) of rr-P3HT after Soxhlet extraction.
151
 In 
the case of regioirregular (HH-TT) P3AThs, one broad reversible oxidation peak is 
observed which is attributed to the low degree of crystallinity of polymer film arising from 
low average conjugation length of the polymer due to the highly sterically twisted polymer 
chain.
152
 
 
Figure 1. 21 Cyclic voltammograms of the reduction (n-doping) and oxidation (p-doping) of a 
P3HT film deposited on Pt working electrode with the molecular structures of the neutral, oxidized 
and reduced forms of P3HT; and assignments of onset potentials(E
ox
onset =0.1 V, E
red
onset =-2.1 V) 
Cyclic voltammetry, consequently, allows the quantitative determination of 
oxidation/reduction potentials, energy levels and thus electrochemical band gap beside the 
qualitative analysis obtained by the shapes of cyclic voltammograms depends strongly on 
the structural defects and molecular weights of polymer chains. Hence, at first, to make 
electrochemical potential values comparable, the half-wave potential of ferrocene/ 
ferrocenium (Fc/Fc
+
) redox couple is used as an external reference.
153
 The onset 
oxidation/reduction potential values versus Fc/Fc
+
 redox couple are assigned as seen in 
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Figure 1.21, from the first reversible anodic/cathodic cycle and are considered as the 
polymer backbone with largest conjugated π-system as mentioned before. Since oxidation 
happens with the removal of electrons from HOMO and reduction with the addition of 
electrons to LUMO, those onset oxidation/reduction potentials are expected to be closely 
related to the HOMO-LUMO energy levels. 
Additionally, to correlate electrochemical data measured in solution with the frontier 
energy orbitals scaled in vacuum, several Fermi energy scales have been used in 
correlation with the formal potential of the NHE reference electrode. Based on the formal 
potential of Fc/Fc
+
 redox couple is 0.40 V versus SCE (E
0´
(Fc/Fc
+)≈ E1/2(Fc/Fc
+
) = 0.40 V 
vs. SCE
154
, and with the addition of conversion constant versus NHE which is 0.24 V,
142
  
the formal potential of Fc/Fc
+
 becomes 0.65 V vs. NHE. For the transfer to Fermi energy, 
several values were reported; Bard and Faulkner as -4.5 eV, Trasatti as -4.44 eV
155
 and 
Hansen as -4.456 ±0.025 eV
156
 to be equivalent to 0.0 V versus NHE. Thereafter, the 
evaluation of HOMO-LUMO energy levels of the polymer can be done by setting Fc/Fc
+
vac 
at -5.1 eV vs. vacuum
157
 after the comparison between different electrochemical scales 
according to the following equations:   
EHOMO = -(5.1 + Eonset,ox1 vs Fc/Fc
+
) [eV]                               (1.9) 
   ELUMO = -(5.1 + Eonset,red1 vs Fc/Fc
+
) [eV]                             (1.10) 
Thus, the electrochemical band gap is estimated from HOMO and LUMO levels by the 
following equation:                 ΔEelec [eV]= |HOMO-LUMO|                                        (1.11) 
1.4.4. Mechanically Controllable Break Junctions (MCBJs) 
MCBJ technique is one of the convenient strategies for the construction of single-molecule 
break junctions to investigate single molecule conductance at a solid-liquid interface 
(Figure 1.22).  
 
Figure 1. 22  Schematic view of MCBJ with SEM image of nano-fabricated Au electrodes (left) 
and experimental set-up of MCBJs with components in liquid environment (right)
158
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In the early 1990s, MCBJ technique was introduced to measure quantization effects in the 
conductance of metallic nanojunctions by showing the stability of technique to establish a 
contact with single atoms between two electrodes.
159
 Later, it was further developed for the 
conductance measurements of single-molecule junctions with the formation of molecular 
junction during opening/closing of nanogap followed by the assembly of benzene-1,4-
dithiol on two electrode surfaces.
160
  
Typically, an MCBJ set-up is comprised of a notched gold wire with two lithographically 
defined nano-spaced electrodes that is also fixed on a flexible, electrically insulated 
polyimide substrate. As seen in Figure 1.22, that substrate is mounted in a three-point 
bending configuration; pressed from the top by two stationary (counter) supports and a 
movable pushing rod from the bottom. The pushing rod underneath is driven to bend or 
release the flexible substrate by a mechanical actuator, piezo element, resulting in opening 
or closing of the gap between nano-spaced electrodes. By the repetitive movements of 
pushing rod (Δz), the thinnest part of the nano-spaced electrode is broken and that results 
in the construction of an adjustable, atomically sharp nanogap (Δd) between electrodes. 
Then the freshly fractured surface is exposed to the target molecule which is dissolved in a 
non-conductive solvent in a liquid cell and placed on top of nano-spaced electrodes. The 
molecular junction is then constructed by the assembly of the molecule as a bridge between 
electrodes during opening/closing of nanogap.
161
 When the target molecule is trapped in 
that pre-formed nanogap with a certain size, it becomes challenging to define its exact 
molecular configuration and binding geometries between nanogap.  
 
Figure 1. 23  Possible scenarios with binding geometries (left) and the schematic representation of 
measured conductance trace (right) during the formation of molecular junctions
161
 
While stretching the nanoelectrodes, conductance traces are recorded as a function of 
electrode displacement which is the distance relative to the break of quantized 
conductance, G0, contact. The conductance-displacement histograms can be built after 
several measurements. If the evolution of molecular junction during MCBJ measurements 
is simplified in a scenario due to the variety of possible molecular configurations, the 
possible geometries, and related conductance traces are given in Figure 1.23. Briefly, the 
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electrodes are connected (G>G0) (a), the sharp decrease in conductance just after 1G0 is an 
indicative of the rupture of gold nano-spaced electrodes so as the formation of atomic 
contact (b), a jump out of atomic metallic connection (c) and tunneling occurs despite 
electrode-molecule-electrode junction forms (d). Then the conductance plateau ~10
-4
 G0 
can be attributed to the formation and elongation of the electrode-molecule-electrode 
junction(e). An extended molecular configuration for (f), the rupture of molecule-electrode 
contact (g) and the formation of tunneling between electrode-molecule assemblies (h) 
occur sequentially during BJ measurements.
162
 The junctions formed after continuous 
opening/closing procedures result in stable junctions before the contact disrupts, and nearly 
identical IV curves with a step-like feature are obtained subsequently. By the 
differentiation of I(V) curve, dI/dV, the symmetrical nature of overall molecular bridge 
structure can be also approximated from possible peak alignments. 
 
Figure 1. 24 (a) Typical conductance histogram of the contact during breaking of Au contact, (b) 
conductance traces (top) and conductance histogram (bottom) for the simplest aromatic molecular 
junction, Au-benzenedithiol-Au
163
 
Although MCBJ technique allows the formation of molecular junctions in small 
dimensions in a repetitive opening/closing cycle, it still remains limited in some points; 
providing information of the atomic scale configuration of junction, necessity of the usage 
of same metal for each ends, usable only for defined anchoring groups, and difficulty in 
fabricating highly integrated molecular devices due to problems with the construction of 
gate electrode. 
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2. Motivation and Overview of Thesis 
The bottom-up integration of tailor-made molecular structures designed as nanoscale 
building blocks to investigate electron transport properties is a rapidly emerging field.
164
 
The electron transport in a single molecule junction, where a single molecule bridges two 
metal electrodes, strongly depends on the degree of -conjugation, the energy alignment 
and the strength of a metal-molecule coupling.
1,5
 Conjugated molecules containing 
alternating single and double bonds, can delocalize electrons through their -system, which 
is the first requirement for the molecule to function as the molecular wire. For the efficient 
electron transport, a good overlap between the conduction orbital of the wire and the Fermi 
level of the electrode should be achieved. Furthermore, the transport mechanism strongly 
depends on -conjugation: it changes from a tunneling to a hopping in cases when -
conjugation is disrupted or when the -system is too long.43 Finally, metal-specific 
anchoring groups which serve as “molecular alligator clips” are needed for attachment of 
the molecular wire to metal electrodes.
165
 Thiol groups were proven to be one of the most 
useful connectors of molecular wires to gold electrodes.
166
 As a highly conjugated system, 
head-to-tail regioregular P3HT is one of the most heavily studied -conjugated systems 
due to the superior efficiency in the intramolecular charge transport based on a high 
polarizability of the sulfur atom. Besides, the effective conjugation lengths in rr-P3HT 
arising from the absence of head-to-head linkages lead to a relatively small energy band 
gap which is favorable for charge carrier injection from metal electrodes.
167-168
  
To date, several synthetic methods have been performed to obtain rr-P3HT molecular 
wires with controlled molecular weight, precise chemical structures, and well-defined end 
groups including stepwise synthetic methods and polymerization techniques based mostly 
on Metal-catalyzed cross-coupling reactions. Although stepwise chemistry methods allow 
preparation of structurally well-defined molecules with a high control on molecular weight, 
the preparation procedures involve numerous iterative synthetic steps. Alternative to these 
stepwise methods, long -conjugated chains can be also prepared by means of 
polymerization methods that occur in a single chemistry step. Although polymerization 
methods reduce the synthetic effort, the control over molecular length and end-groups 
remain limited since the most of the polymerization methods proceed in a step-growth 
manner that gives rise to random couplings and thus head-to-head linkages. In this study, 
the sufficient control over the molecular length, the end-group functionality and the 
effective conjugation length, which are crucial requirements for a material to be used in 
molecular electronics, as well as the synthetic convenience, are aimed to be ensured by the 
utilization of KCTP which involves a chain-growth polycondensation mechanism. 
In this regard, the initial aim of this study is to develop a KCTP-based synthetic toolbox 
for the preparation of simple molecular building blocks with specific starting and end 
groups for the attachment of the electrodes to function as molecular wires. In particular, the 
bis-end thiolate-functionalized rr-P3HT backbone for attachment between Au electrodes is 
initially targeted. Additionally, the development of that KCTP-based synthetic route was 
  
46 
 
aimed at the construction of not only simple molecular building blocks with specific end 
functionalities but also more sophisticated ones bearing charge-transfer moieties which 
define the electronic functionality of wire. As stated above, these more complex building 
blocks possessing redox- or photo-active functionalities might be used for tuning the 
charge-injection into or switching of the conductivity through the wire. From the point of 
above-mentioned design requirements for an oligomer wire, the following objectives are 
addressed in the scope of this thesis: 
(i) The utilization of a KCTP-based synthetic route is intended for the synthesis of 
double-end thiolate-functionalized oligo(3-hexylthiophene)s with controllable 
molecular lengths, precise highly π-conjugated chemical structures and well-
defined anchoring groups. 
(ii) The development of in-situ/post-modification methodologies to the KCTP-
based synthetic toolbox is the second objective for the incorporation of redox 
active functionalities along oligomer chains as pendant/end groups. 
(iii) An extensive analysis of chemical and electronic structures of thiolate-
functionalized oligo(3-hexylthiophene)s before and after the addition of charge-
transfer groups to the specific positions of the wire (as end or as pendant 
groups) is performed to set a better correlation between the chemical structure 
and the charge transport through the wire 
(iv) To fulfill the requirements for a molecular wire, obtained products with well-
defined anchoring groups are assessed in terms of their binding ability to a gold 
surface. For that purpose, the first target is the optimization of trans-protection 
methodologies, followed by in-situ de-protection techniques.  
(v) A preliminarily single-molecule conductance studies by using MCBJs setup are 
also performed for selected oligomers. 
(vi) The change in electrical conductance of individually contacted metallized gold 
nanowires grown on DNA origami nanostructures upon the treatment with 
oligomer sample is preliminarily studied. 
In this thesis, each of these points is considered in detail, starting from the extensive 
discussion on the development and the versatility of KCTP-based synthetic route for the 
preparation of bis-end thiolate-functionalized oligomers to function as a wire, as given in 
chapter 3. Besides, chapter 4 is devoted to the development of in-situ/post-modification 
methodologies as well as the detailed chemical, optical and electrochemical analysis of 
wires for the evaluation of these modification methodologies. Thereto, the preliminary 
single-molecule conductance studies and nanowire conductance studies with a detailed 
optimization of trans-/de-protection procedures are discussed in chapter 5. 
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II. Results and Discussion 
  
48 
 
3. Bis-end functionalized oligothiophenes 
Building blocks designed to function as molecular wires are expected to possess end-
functionalities to act as alligator clips, well-defined conjugated molecular backbone as 
bridges to facilitate charge transport within the molecular junctions. To date, various 
bottom-up methods have been developed to assemble molecular wires into molecular 
junctions including attachment of wires to electrodes,
39
 stepwise growth of wires on 
electrode surfaces,
169
 and interconnection of electrodes by in-situ synthesis of wires,
170
 as 
previously mentioned in fundamentals. So far, a dominating strategy for the preparation of 
molecular wires is a stepwise organic synthesis based mostly on metal-catalyzed cross-
couplings such as Stille, Suzuki-Miyaura, Heck and Sonogashira reactions.
31,45,171 
Although these methods allow preparation of structurally well-defined molecules having a 
precisely controlled number of repeat units, the preparation procedures are complex as they 
involve numerous synthetic and purification steps.
69
 Head-to-tail (HT) regioregular poly(3-
hexylthiophene) (rr-P3HT) is one of the most heavily studied  -conjugated systems due to 
its excellent optoelectronic properties. rr-P3HT benefits upon the efficiency in the 
intramolecular charge transport based on a high polarizability of the sulfur atom as well as 
the effective conjugation lengths causing a relatively small energy band gap which 
facilitates the charge carrier injection from metal electrodes.
167
 Additionally, a high degree 
of HT regioregularity in P3HT has a significant importance, because the head-to-head 
linkage along the chain breaks the effective conjugation due to steric hindrances of the 
alkyl chains which forces thiophenes out of planarity.
168
 A Fibonacci-type synthesis of 
structurally well-defined regioregular HT oligo(3-hexylthiophene) molecules with 
precisely controlled length up to 36 repeat unit was recently presented.
76
 Although the 
Fibonacci`s Route shortens the number of synthetic steps comparable to other approaches, 
the synthetic procedure is nevertheless quite tedious and overall yields of the final 
oligomers are relatively low. Alternatively, long -conjugated chains can be constructed in 
a single chemistry step by means of polymer chemistry methods. However, most of the 
polymerization techniques involve a step-growth mechanism which assumes a random 
coupling of monomers. This approach does not allow a sufficient control over the 
molecular length and the end-group functionality, which are crucial requirements for the 
material to be used in molecular electronics.
71
 
3.1. Kumada Catalyst-Transfer Polycondensation for Oligothiophenes 
Among polymerization methodologies developed to date, Kumada catalyst transfer 
polycondensation is one of the most promising ways to synthesize well-defined end-
functionalized oligomers and polymers. Due to the intramolecular catalyst-transfer 
mechanism, polymer chains in KCTP grow in a one-by-one manner,
172
 as each Ni catalyst 
species forms only one polymer chain. As such, a desirable degree of polymerization (DP) 
can be controlled by the monomer to initiator ratio, [M0]/[I].
96
 In general, end-groups into 
P3HT chains can be incorporated either by transferring functions from the initiator (to 
form a starting group via externally-initiated KCTP firstly developed by Kiriy et al.
173
) or 
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by introducing an end-group in a chain-termination process via Grignard Metathesis 
polymerization (GRIM), as demonstrated in early works of McCullough et al.
85, 94
 By 
using these approaches, one can prepare polymers having either only one end-functionality 
(i.e., either starting or end groups), or functionalities from both sides (i.e., starting and 
end groups).
133
 Although in general, the externally-initiated KCTP should be suitable for 
preparation of bis-end-functionalized P3HT, to date it was mostly applied to the synthesis 
of mono-functionalized P3HT, having carboxy-, hydroxy-, amino-,
174
 phosphonato,
113
 
pyridine- or thiolo-starting groups,
114
 whereas examples of the synthesis of polymers 
having different starting and end groups (i.e., when the starting and end groups are of a 
different kind) remain scares in the literature.
133-134 
Additionally, although these few 
examples in the literature presented some ways to the utilization of KCTP for the 
preparation of polymers with different starting and end groups, the usage for molecular 
wire concept was never fulfilled. In general, by varying the kind of starting and end 
groups, one can not only tune selectivity and the binding strength of molecular wires to 
electrodes but also adjust charge injection/collection processes. Although the scope of 
KCTP was significantly extended during last years, the number of functional groups, 
incorporation of which into the monomer structure does not preclude the living nature of 
the chain-propagation process, is rather limited.
61,85,94,175
 
In this part of the thesis, the goal is to extend a versatility of the KCTP-based synthetic 
toolbox for the preparation of functionalized molecular wires. Particularly, the 
development of a general approach for the synthesis of oligo(3-hexylthiophene)s bearing 
specific thiolate-containing starting and end groups is aimed for the attachment to 
electrodes in further single-molecule conductance studies with MCBJs. 
3.2. Oligo(3-hexylthiophene)s with bis-end functionality: Results and Discussions 
3.2.1. Molecular Design and Synthetic Strategy 
Following the design principles for a molecular junction, the polymerization should result 
in a highly π-conjugated molecular backbone with well-defined anchoring groups at both 
ends. The presence of two anchoring groups at both ends in the same molecule provides 
the opportunity to gain deep insight about electron transport through that molecule. The 
precursor that is expected to initiate the polymerization and stays as starting group after 
polymerization should possess some crucial design issues (Figure 3.1). The first thiol 
function was introduced by a transfer of properly substituted aryl group from a specially 
designed initiator to the starting group of the oligomer to facilitate binding in the 
electrode-oligomer interface. Although thiol groups are considered as the most useful 
connectors to gold electrodes, since “naked” thiol groups are too reactive to survive during 
synthesis of molecular wires, they have to be protected. Acetyl, 2-(trimethylsilyl)ethyl 
(TMSE), 2-cyanoethyl, 2-(4-pyridinyl)ethyl, methyl and tert-butyl (
t
Bu) groups are widely 
used protecting groups for thiols.
176
 The toleration of thiol group during metal-catalyzed 
reactions can be extended with these protecting groups. For instance, it was found that for 
Suzuki coupling reactions, the protection of thiol groups with acyl moieties such as acetyl, 
  
50 
 
pivaloyl, 2-methoxyisobutyryl groups etc. may damage thiolate structure and form ketones 
due to the faster attack of Pd catalyst at carbonyl group than oxidative addition into the C-
Br bond.
177
 Therefore, the choice for protecting groups in terms of reactivity due to 
electron density and steric crowdedness becomes also prominent to survive during 
polymerization.  In this work, the survival of 
t
Bu and TMSE groups were tested for the 
conditions of KCTP. In general, the 
t
Bu protecting group can be readily incorporated into 
aromatic thiols by a Friedel-Crafts reaction; however, a quite complex substitution pattern 
of the initiator precursor complicated the synthesis of the target compound. 
 
Figure 3.1 Design principles of an initiator precursor 
Several routes were attempted in this work for the 
t
Bu containing initiator precursor (2) 
synthesis and the nucleophilic aromatic substitution of 2-bromo-5-fluorotoluene using 
sodium tert-butyl thiolate as a nucleophile was identified as the most efficient route (Route 
III in chapter 7.3.1). The initiator precursor contains 
t
Bu-protected thiol group (
t
Bu-S) 
since it can tolerate a range of experimental conditions including strongly acidic and basic 
medium. Furthermore, 
t
Bu-S can be easily converted into versatile thioacetate (AcS) 
moiety followed by its further conversion into completely deprotected thiol groups for the 
immobilization onto desired electrodes.
178
 Similarly to 
t
Bu moiety, TMSE protecting group 
was found to be easily converted into AcS counterparts, which will be explained in detail 
in chapter 5. Unlike the protection via 
t
Bu group, thiol protection with TMSE group was 
easily achieved by a free radical addition of thiols to vinyltrimethylsilane right after an in-
situ homolysis reaction in the presence of di-tertbutyl peroxide, and the initiator precursor 
was obtained after following bromination reaction. Secondly, as a design principle, the 
thiol group was placed into the para-position relative to the chain-propagating point 
because it was also previously mentioned that para-substitution is the most favorable 
connection mode due to more efficient electron transport involving a quantum interference 
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effect.
179
 Additionally as summarized in Figure 3.1, the methyl group at the ortho-position 
to the polymerization direction was also introduced into the initiator precursor structures 
for a stabilization of the Ni-initiators; 17 or 18.
144
 On the other hand, the presence of the 
ortho-methyl group facilitates the preparation of the Ni-initiator from readily available 
Ni(dppe)Cl2 and metal organic precursor, as described in one of previous work.
109
 
3.2.2. Synthesis and Characterization 
Scheme 3.1a shows the synthesis of desired double-end-functionalized rr-oligo3HT which 
involves the combination of KCTP and Negishi cross-coupling. Thus prepared 
t
Bu-
protected initiator 17 (or TMSE-protected initiator 18) was added to the monomer 24 at the 
monomer/initiator feed ratio of 10:1 and after the polymerization, the reaction mixture was 
divided into three parts to study the quenching process. The first portion was quenched 
with methanol while the remaining two parts were quenched with the ZnCl-substituted 
compounds having 
t
Bu-protected (19) or TMSE-protected (20) aryl thiols (or in reverse 
order for TMSE-protected initiator 18), respectively.  
 
Scheme 3. 1 Polymerization routes used in this chapter, a) externally-initiated KCTP combined 
with Negishi coupling and b) Grignard metathesis polymerization 
In another approach described in Scheme 3.1b, functionalized polymers were obtained via 
classical GRIM method by adding monomer 24 to Ni(dppe)Cl2 catalyst in a 
monomer/initiator feed ratio of 10:1. Subsequently, the polymerization mixture was 
divided into three portions in order to be terminated with MeOH or different ZnCl-
functionalized aryls 19 or 20. After quenching all portions, the terminated products P1-P9 
in Figure 3.2 were extracted with chloroform and were further purified from low DPs 
products via Soxhlet extraction with acetone, hexane, and chloroform respectively. 
Afterward, the purified polymerization products were characterized in terms of starting-
end group combinations, DPs, and dispersities. 
As illustrated in Scheme 3.2 for 
t
Bu-protected initiator 17, the initiator was formed by the 
replacement of Br-unit to Li-functionality by lithiation first, then to Ni(dppe)Br-moiety. 
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The polymerization starts with the oxidative addition of reactive monomer to the initiator 
by transmetallation followed by the elimination of zero-valent Ni complex and its 
intramolecular insertion into the next C-Br bond. By this intramolecular charge transfer-
based catalytic cycle, the polymer chain keeps growing by the movement of Ni species to 
the polymer end as represented in Scheme 3.2. 
 
Figure 3.2 Polymers synthesized in this chapter with starting/end group combinations 
 
Scheme 3.2 KCTP mechanism initiated by tert-butyl functionalized initiator precursor (2) and 
followed by iterative transmetallation (TM), reductive elimination (RE) and oxidative addition 
(OA) steps 
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Figure 3.3 SEC profiles of the samples taken in a time interval during polymerization (a) of the 
obtained polymers from initiator (17) with different initiator/monomer ratio (b) measured in CHCl3 
The chain-growth nature can also be tracked by SEC profiles of taken samples from 
polymerization medium in defined time intervals as in Figure 3.3a, which is an example of 
polymerization at 0 
0
C and started by the initiator obtained from the reaction between 
t
Bu-
protected precursor with Ni(dppp)Cl2 to observe a slower polymerization than 
polymerization at room temperature and with Ni(dppe)Cl2 containing initiator counterpart. 
For 
t
Bu-protected initiator, several batches with varying degree of polymerization ratios 
(DP: 10 to DP: 15) were prepared to form oligomer backbones with different molecular 
weights (Figure 3.3b). From the SEC profiles of products obtained from different 
initiator/monomer ratios, it is clearly seen that molecular weight increases with increasing 
degree of polymerization. Although molecular weights of mono-/di-functionalized 
products show a similar trend in different initiator/monomer ratio used, only mono-end 
functionalization differs in the formation of bimodal SEC profiles.  
 
Figure 3.4 SEC profiles of obtained mono/di-functionalized polymers from both techniques for a 
better comparison with un-functionalized chains a) polymers with 
t
Bu protected moieties, b) 
polymers with TMSE moieties 
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As mentioned before, two different type of thiol protections used for the preparation of 
initiator precursors and the initiators from these precursors were used to initiate different 
polymerization batches. In addition to the different initiators for KCTP, GRIM 
polymerization was also used for the synthesis of end-functionalized oligomers. As a 
result, while KCTP products of both initiators (P1-P6) showed lower dispersities than their 
GRIM products (P7-P9), di-functionalized tBu-protected KCTP product P2 revealed 
narrower dispersity than di-functionalized TMSE-protected KCTP product P5 as seen in 
Figure 3.4. 
3.2.3. Chain Initiation and Degree of Polymerization  
The much higher degree of the starting-group functionalization than the degree of the end-
group functionalization demonstrates the much higher fidelity of the chain-initiation than 
the chain-termination process. This, it turns, exemplifies the higher efficiency of KTCP 
than of the GRIM polymerization methods in introducing of desirable functionalities. 
According to the MALDI-TOF data, the most abundant polymerization products have DP 
in 10 – 14 range, comparable to the feed ratio of 10 chosen in this experiment (Figure 
3.10). The end group compositions, as well as the DPs of the products, were further 
deduced by analyzing of 
1
H-NMR data. Particularly, a comparison of integrals of the 
starting/end groups with the integrals of internal repeat units allowed the determination of 
DP from 
1
H-NMR data as shown in Figure 3.5.
180
 Thus-obtained DPs are in a fair 
agreement with the number average molecular weights (Mn) from SEC measurements 
(Table 3.1). 
 
Figure 3. 5 
1
H-NMR spectra of 2-3 ppm region for polymers P1, P2, and P7, and definition of 
degree of polymerization from the integrals of assigned peaks 
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It is noteworthy that the quantitative starting group functionalization for KCTP-made 
products P1-P6 follows not only from a cross-integration of starting- versus end-groups 
but also from the absence of characteristic signals of “reinitiated” products. It is known 
that one of the major side reactions in KCTP is the disproportionation of initiators leading 
to the formation of Ni(dppe)Br2 which initiates the GRIM-polymerization product having 
characteristic starting groups of two HH-coupled thiophene rings.
121
 As seen from Figure 
3.6 which compares the aromatic region of 
1
H-NMR spectra of the KCTP (P2) and the 
GRIM (P7) products, P2 has no signals at 6.93 ppm and 6.86 ppm which are assigned to 
the reinitiated product. Unlike P2, these peak assignments for reinitiated product become 
noticeable for TMSE product P5, which indicates the lack of complete chain initiation by 
the TMSE-functionalized initiator, as seen in Figure A.1. The reason lies behind this 
deficiency can be the poor survival ability of protecting group or stability of initiator 
during polymerization, and thus the formation of Ni(dppe)Br2 from side reactions 
happened during the release of protecting group. 
 
Figure 3. 6 
1
H-NMR spectra of aromatic resonance signals for polymers P2 (solid line) and P7 
(dashed line) with the specific assignments for HT and TT couplings formed due to less controlled 
nature of GRIM polymerization 
Similar to NMR spectra, MALDI-TOF data confirm a near quantitative degree of starting 
group functionalization (Figure 3.7). Considering the peak intensities between R1-initiated 
and reinitiated products, high chain initiation efficiencies can be attained by externally 
prepared R1-starting group initiated KCTP; oligomer chains were initiated by R1-starting 
group up to 93.5 % for P1 and 92.7 % for P2 (see Figure 3.8 for chemical structures).                 
The formation of reinitiated products was further investigated by the analysis of 
catalyst/precursor (C/P) ratio used during the formation of the initiator.  
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Figure 3.7 MALDI-TOF spectra of P1 (a) and P2 (b) with enlarged highest molecular weights as 
an inset, showing up to 93 % chain initiation by the externally prepared initiator (); analyzed from 
MALDI-TOF spectra. 
 
Figure 3.8 Chemical structures of possible end group combinations for P2; analyzed from 
MALDI-TOF MS spectra in Figure 3.7. 
  
57 
 
From the MALDI-TOF spectra of P2 obtained by different batches of polymerizations in 
terms of catalyst amount and DP; 0.65 C/P ratios for DP 10, 0.85 C/P ratio for DP 15 as in 
Figure 3.9, it was observed that even 0.85 equivalence between catalyst and precursor 
cause uncontrolled formation of reinitiated products due to the presence of free catalyst 
species in polymerization medium, as expected. 
 
Figure 3.9 MALDI-TOF spectra of P2 obtained by different batches of polymerizations in terms of 
catalyst amount (catalyst/precursor C/P ratio) and DP; 0.65 C/P ratio and DP:10 (blue line),0.85 
C/P ratio DP:15 (black line) (a) and enlarged highest molecular weights (b), showing increase in 
the intensity of chains initiated by uncontrolled re-initiation process (○). 
3.2.4. End group determination: NMR and MALDI-TOF-MS analysis 
It can be expected for a successful KCTP that all six polymerization products P1 to P6 will 
contain a distinct starting group originated from initiator precursor; (
t
BuS(2-tol), further 
designated as R1 or (TMSE-S(2-tol)) (further designated as R3), but different end groups 
due to different termination mechanisms: H and Br in P1 (or in P4), 
t
BuS(Ph) (further 
designated as R2) in P2 (or in P6) and TMSE-S(Ph) further designated as R4 in P3 (or in 
P5) (Figure 3.2).  
 
Figure 3.10 MALDI-TOF spectra of polymers P1 (a) and P2 (b) with analyzed end groups 
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In accordance with these expectations, MALDI-TOF measurements reveal that the 
quenching with methanol resulted into P1 having R1-starting group and either H- or Br-
end groups, whereas the second portion quenched by ZnCl-substituted 
t
Bu protected 
compound 19 is almost exclusively represented by a desirable R1/R2-functionalized 
oligomer P2, although a small quantity of H- or Br-end functionalizations are also visible 
(Figure 3.10b). The formation of the Br-terminated product may be attributed to an 
undesired termination that occurred during the polymerization before the intentional 
quenching as illustrated in Scheme 3.3. Synthesis of oligo(3-hexylthiophenes) having R2 
and R4 end groups by GRIM polymerization were also performed (Scheme 3.1b). To this 
end, polymerization mixtures obtained at the [monomer]/[Ni(dppe)Cl2] ratio of 10 were 
quenched with methanol and ZnCl-functionalized aryl compounds 19 or 20 in a similar 
manner as it was done for KCTP with the difference that twice amount of quencher was 
used in that case. Thus-obtained polymerization products P7, P8, and P9 were also 
analyzed with regards to their DPs, end group contents, and regioregularities.  
 
Scheme 3.3 Possible end groups after the treatment with ZnCl-substituted 
t
Bu protected compound 
19 and their formation mechanism during KCTP 
The resonance signal of the methyl moiety present in the starting group R1 appears on 
1
H-
NMR spectra as a singlet at 2.51 ppm and serves a convenient reference for quantification 
of the whole spectra. α-Methylene protons of the terminal 3-hexylthiophene repeat unit in 
the methanol-quenched P1 appear in the spectra at 2.62 ppm and 2.59 ppm and they 
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correspond to the H- and Br-end functionalized P1, respectively (Figure 3.11). The α-
methylene protons of the terminal repeating unit in P2 (next to the R2 group) are somewhat 
shifted to a lower magnetic field (2.69 ppm). Besides the α-methylene protons, protons in 
aromatic region corresponding to the terminal repeating units (next to the starting and end 
groups) are also clearly distinguishable in NMR spectra from the protons of the internal 
repeating units and they can be used for the end-group analysis. Particularly, the spectrum 
of P2 shows an additional peak at 7.04 ppm that is not observed in P1 and this peak was 
assigned to the aromatic proton of the terminal thiophene ring next to the R2 group. In 
addition, signals from other terminal thiophenes, such as H/Br-terminated ones in P1, 
could also be resolved at 6.91 ppm for the H-terminated and 6.84 ppm for the Br-
terminated products, which is consistent with the literature data for HT polythiophenes. 
 
Figure 3.11 Comparison of 
1
H-NMR spectra of products P1, P2, and P7 with the assignments of 
distinct peaks of end groups 
On the other hand, the terminal groups R1 and R2 itself are also easily distinguishable both 
in aromatic and aliphatic regions as seen in Figure 3.11. Thus, phenyl protons of R1 in P2 
appear as two doublets (AB system) at 7.58 and 7.44 ppm whereas the corresponding 
t
Bu 
group is seen as a singlet at 1.36 ppm in addition to a somewhat up field-shifted singlet 
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(1.35 ppm) of the 
t
Bu group present at the opposite side (starting group) of the same chain. 
The TMSE-protected end group, on the other hand, in P5 also has several characteristic 
signals among which signals of the aromatic protons at 7.22 and 7.16 ppm and peaks of the 
aliphatic protons at 3.03, 1.00 and 0.93 ppm are the most informative ones (see Figure A.1 
for comparison with P2). NOESY 
1
H-
1
H NMR experiments were performed for better 
interpretation of starting and end group composition of P2. As seen in Figure 3.12, the α-
methylene peak of R2-neighbouring thiophene at 2.69 ppm (g) shows a direct correlation 
with the doublet peak at 7.44 ppm (h) which belongs to aromatic protons of the R2 group. 
Besides, the methyl peak at 2.51 ppm (b) of the starting R1 group shows correlation with 
the α-methylene peak of R1-neigbouring thiophene at 2.77 ppm (d). 
 
Figure 3.12 2D-NOESY 
1
H-
1
H NMR spectra of P2; assigned peaks for different end groups with 
their neighbor protons; calculation of bis-end functionalization which depends on peak intensities 
at 2.69 ppm, 2.63 ppm, and 2.57 ppm by setting peak integral of starting group’s methyl signal 
(2.51 ppm) as 3.0 
Thus, a comparison of integrals corresponding to the reference (methyl-starting group) and 
all kinds of end groups allows a precise quantification of all the polymerization products 
regarding their starting- and end-groups’ composition. By applying the above-described 
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end-group analysis, it is identified for the methanol-quenched P1 that all its molecules 
contain R1-type starting groups (i.e., 100% starting group functionalization), however two 
types of end-groups: H (the major fraction, 76 %) and Br (24 %) from the integral ratio 
between 2.62 ppm and 2.57 ppm.  
The product P2 is also fully functionalized by desirable starting groups whereas it exhibits 
a relatively moderate degree of end-group functionalization. As deduced from Figure 3.12, 
only 53 % of chains in P2 contain the desirable R2-type of end-groups, 38% of H-end 
groups and 9 % of the Br-end groups. The product P3 is also fully functionalized by R1-
starting groups and contains 63 % of R3-type end groups, 20 % of H groups and 17 % of 
the Br-end groups (see Table 3.1 for detailed compositions). In addition, the integral ratio 
between thiophene protons corresponding to the R2-termination (7.04 ppm) (f), H-
termination (6.91 ppm) (k) and Br-termination (6.83 ppm) (l) was also used for the 
quantification of the spectra and these data are in accordance with the results from α-
methylene proton analysis. 
As mentioned earlier, a comparison of integrals of the starting/end groups with the 
integrals of internal repeat units can be used for the determination of DP from 
1
H-NMR 
data. In order to calculate the chain length from 
1
H-NMR spectrum, the peak intensities of 
(1) the triplet at 2.81 ppm that originates from the internal α-methylene protons and the 
peak intensities of different end groups and α-methylene protons (all integrates for 2H) of 
(2) bis-end functionalization, (3) H-termination and (4) Br-termination are used with R1-
methyl reference signal which integrated for 3H. The DP of the polymers is calculated 
based on this integration values with an R1-methyl reference signal for polymers P1-P6 
obtained by KCTP, whereas the internal α-methylene protons are taken as a reference 
signal for GRIM polymers P7-P9 (see Figure 3.5). DP`s from 
1
H-NMR spectra are in 
correlation with the number average molecular weights (Mn) analyzed from SEC 
measurements given in Table 3.1.  
On the other hand, the product P4, P5, and P6 obtained from TMSE-protected initiator 
show deviations from the expected case. Since the presence of reinitiated products in the 
1
H-NMR spectrum of P5 was mentioned before, the integrals of starting-group (R3) and 
end-group (R4) cannot fully correlate. The peak intensity of starting group R3 in the 
aromatic region is less than that of termination group R4. Because of this result, this 
incompatibility in the aromatic peak integrals of P5 can be attributed to the formation of 
only R4-functionalized chains which formed by capping those Br-end functionalized and 
reinitiated products, in addition, to already R3/R4-functionalized chains. The aromatic 
peaks arising from R4-functionalization appear around 7.41 and 7.36 ppm and the 
assumptions related to end-group combination of R4-capped and R3-initiated products can 
be made in terms of those aromatic peak intensities. But, it is difficult to calculate percent 
combinations from α-methylene protons since R3/R4 and only R4-functionalized products 
show almost overlapped resonance signals. 
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Table 3. 1 Mn, ᴆ, DP and end-group compositions for oligomers P1-P9 
oligomer Mn(kg/mol)
a
 ᴆa DPb 
End-group composition
c
 
bis- RX/H- RX/Br- 
KCTP        
P1 
DP 10 3.4 1.11 14 - 76 24 
DP 15 3.9 1.13 18 - 79 21 
P2 
DP 10 3.3 1.07 12 53 (R1/R2) 38 9 
DP 15
 
4.2 1.08 16 49 (R1/R2) 33 18 
P3 3.2 1.12 12 63 (R1/R4) 20 17 
P4 3.3 1.14 12 - 65 35 
P5 3.4 1.08 12 64 (R3(4)/R4)
d
 15 21 
P6 3.8 1.16 14 35 (R3/R2)
 
28 37 
  GRIM  
P7 3.3 1.12 12 - 58
e
 42 
P8 
DP 10 3.1 1.18 11-15 52
f 
(R2/R2) 30
e 
18 
DP 15 4.1 1.10 14-19 52
f 
(R2/R2)
 
31
e 
17 
P9 
DP 10 3.1 1.17 11-17 69
f 
(R4/R4) 24
e 
7 
DP 15 4.1 1.11 18-23 37
f 
(R4/R4) 38
e 
25 
 
a
 Determined by SEC in chloroform; 
b
 Determined by 
1
H-NMR spectra from the peak intensities for 
the region belongs to α-methylene protons of thiophenes as described in Fig.3.5. by setting methyl 
group of R1 and R3 as a reference point for P1-P6; setting α-methylene protons of repeating unit 
(2.81 ppm) as a reference point for P7-P9; 
c 
Determined by 
1
H-NMR spectra from the ratio of peak 
intensities of different end groups as described in Fig.3.12;
d 
The integrals of R4  group is much 
more dominant than R3 showing the less efficiency of initiator and the formation of quencher-
terminated products; 
e
 The sum of peak integrals of HH and HT couplings is given; 
f 
Mono/bis-end 
functionalization is not distinguishable from the peaks at 2.75 ppm& 2.74 ppm, therefore given 
percentage refers to the sum of functionalized composition. 
 
3.2.5. Effect of polymerization route on regioregularity 
It is noteworthy that the choice of ZnCl-functionalized species as termination agents results 
in end functionalization in both methods. In addition to the higher efficiency in bis-end 
functionalization on behalf of KCTP, the structural precision is provided to a large extent. 
The polymerization products P7, P8 and P9 obtained after GRIM polymerization will 
contain different end groups in a nonregiospecific fashion: both HH and HT H-(or Br) 
termination in P7, mono/bis-R2 termination in P8 and mono/bis-R4 termination in P9. The 
existence of H- and Br-terminated structurally nonequivalent dyads (HH and HT) in P7 
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can be proven by 
1
H-NMR spectra in which all isomers show different resonance signals 
such as HH H-end (2.70 ppm), HT H-end (2.63 ppm), HH Br-end (2.58 ppm) and HT Br-
end (2.55 ppm) (Figure 3.5). Based on this nonregiospecificity, P8 and P9 products from 
the same polymerization are also expected to involve that uncontrollable HT and HH-ends 
but not in high degree depending on the capping efficiencies with termination groups, R2 
and R4.  
 
Figure 3.13 
1
H-NMR spectra of P2, P7, and P8 for an elaborative discussion of chain initiation 
with an external initiator (*broad shoulders indicating different chain lengths due to uncontrollable 
polymerization) 
As seen from the comparative 
1
H-NMR spectra of P2, P7, and P8 in Figure 3.13, the 
aromatic peaks at 6.93 ppm and 6.86 ppm, as well as the above-mentioned α-methylene 
peaks at 2.70 ppm and 2.58 ppm which are assigned to the reinitiated product and HH 
couplings, were not observed for P8, the GRIM product. This also verifies the high 
efficiency of ZnCl-functionalized 
t
Bu-protected quencher (19) as termination agent. 
Additionally, the distinction between tert-butyl groups of R1/R2 units at 1.35 ppm and their 
neighbored thiophene protons at 7.07 ppm is inferred from this spectrum; for R2 tert-butyl 
groups at 1.35 ppm and its neighbored thiophene proton at 7.07 ppm. Apart from the 
structural deductions, 
1
H-NMR spectra of GRIM products P8 and P7 reveal broad 
shoulders around the main peak for the backbone (~6.99 ppm) indicating the distribution of 
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molecular weights due to uncontrollable polymerization. Similarly, for P9 with broad 
shoulders, overlapping between α-methylene protons of neighboring thiophene to mono-
/di-functionalized oligomer chains complicates the calculation of exact end-group 
combination, it can roughly be estimated.  
The incorporation of TT couplings to the O3HT chain naturally changes the distribution of 
conformations due to the unfavorable side chain interactions between alkyl chains. This 
less ordered conformation of P3HT chains is observed as a blue shift in peak maxima in 
both absorbance and fluorescence spectrum which is expected due to a decrease in the 
conjugation length resulted from the sterically driven twist of the polymer backbone. Since 
the TT content does not differ so much in our case between KCTP and GRIM products, the 
difference between peak maxima does not display an apparent change as seen in Figure 
3.14b. Additionally, the peak maxima may be affected not only by HT content, also by the 
conjugation length. 
 
Figure 3.14 (a) Oxidation profiles of bis-end-functionalized oligothiophenes obtained by KCTP 
(P2) and GRIM (P8) and un-functionalized O3HT by GRIM (P7) (b) solution absorbances of those 
in anhydrous CH2Cl2 
The reversible oxidation peaks as seen from the cyclic voltammograms of P2, P7, and P8 
oligomers in Figures 3.14a which can be attributed to the morphological differences arising 
from the co-existence of different conjugation lengths as well as specific end groups of 
oligomers. According to literature data as also mentioned in characterization methods, the 
first reversible oxidation peak around 0.15 V versus Fc/Fc
+
 redox couple, most likely, 
originates from the oxidation of polymer zones with longest conjugation length, whereas 
the second one, corresponds to the amorphous segments with shorter conjugation 
lengths.
149
 The increase in conjugation length as analyzed for P1, P2, and P7 oligomers 
and shown in Figure 3.15, affect mostly the shape of oxidation curves; peaks are getting 
broader and diminishing sharpness with increasing molecular weight. 
  
65 
 
 
Figure 3.15 Oxidation profiles of mono-functionalized, di-functionalized and unfunctionalized 
polymers for; (a) DP is 10, (b) DP is 15 
Besides the qualitative variations (like the number and shape of consecutive peaks) as well 
as the quantitative variations (shifts in the oxidation potentials) of redox peaks, are also 
strongly dependent on the degree of HT content.
149
 Although the indistinctive and 
anodically shifted oxidation peaks of some of the GRIM oligomers like P7 validates the 
above-mentioned HT content dependence on oxidation profile, it cannot completely clarify 
the case for P8. As clearly seen from the oxidations of P2, P7, and P8 in Figure 3.14a, P2, 
and P8 oligomers possess a very sharp reversible oxidation peak at 0.15V, whereas un-
functionalized P7 shows a broader and anodically shifted peak formed despite they all 
have similar molecular weight distributions (Table 3.1).  
 
Figure 3.16 Oxidation profiles of 
t
Bu-protected precursor including KCTP product P2 and GRIM 
product P8 and comparison of oxidation peaks with initiator precursor 2 and un-functionalized 
GRIM product P7 (a) and initiator/quencher precursors (2 and 6, respectively) (b) 
To estimate the effects of type of end-groups on electrochemical properties, 
t
Bu-containing 
initiator/ quencher precursors (compounds 2 and 6) were also investigated by cyclic 
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voltammetry. From the oxidation profiles of initiator/quencher precursors given in Figure 
3.16b, it may also be asserted that the first oxidation peak around 0.15 V can be referred to 
the R1 (or R2)-starting group which shows a reversible oxidation peak at 0.21 V. The 
products having the R1 and/or R2 unit as starting/end group (P1, P2 and P8) exhibit first 
reversible oxidation peak at this region, whereas the un-functionalized product P7 is lack 
of that sharp oxidation peak as observed in Figure 3.16a. 
3.3. Summary 
In this chapter, quasi-living externally-initiated nickel-catalyzed KCTP was employed to 
obtain well-defined thiol-end-functionalized oligo(3-hexylthiophene) wires having 
controlled molecular weight and a quantitative degree of starting-group functionality. For 
that purpose, two initiators with different kind of thiol-protection (
t
Bu and TMSE 
protections) were synthesized. Termination of the externally initiated KCTP processes with 
different ZnCl-functionalized protected thiol species provided a satisfactory (50-60%) 
degree of end-group functionality. The 
t
Bu-protected arylthiol initiator was found to 
initiate polymerization with a higher efficiency than that of TMSE counterpart due to its 
superior stability under reaction conditions. Additionally, GRIM polymerization was 
performed to terminate with same ZnCl-functionalized protected thiol species to obtain 
oligomer chains with similar end-groups, which enables the comparison of chemical 
structures, HT content, molecular weight distributions. Hence, the structural elucidations 
demonstrate the much higher fidelity of the chain-initiation than the chain-termination 
process especially for 
t
Bu-protected initiator which highlights a clear advantage of KCTP 
compared to the GRIM polymerization for the synthesis of bis-functionalized molecular 
wires. As a result of structural and electrochemical characterizations, it can be concluded 
that KCTP provides more structural defect-free oligomers with 
t
Bu-S-functionalized 
starting/end-groups in consideration of all above-mentioned results. This KCTP-based 
synthetic route which enables synthesis of oligomers with controllable molecular lengths, 
with highly π-conjugated precise chemical structures, and with well-defined anchoring 
groups open the way for the utilization of KCTP in the field of molecular electronics, by 
means of meeting the requirements of a molecular wire. 
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4. Oligothiophene wires decorated with donor-acceptor chromophores  
The integration of tailor-made molecular wires into molecular junctions is addressed to 
study charge transport properties at the single-molecule level. As stated in previous 
chapters, KCTP offers a versatile pathway for the preparation of bis-thiolate functionalized 
P3HT having different kind of starting and end groups for efficient binding to gold 
electrodes. Besides the thiol group, nitrogen-based functional groups, such as amino- or 
cyano-groups, were also used for attachment of molecular wires to metal electrodes.
17
 The 
presence of two different anchoring groups in the same molecule paves a way for 
fabrication of asymmetric molecular devices, such as diodes/rectifiers.
181
 In such a way, 
KCTP has a great synthetic potential to provide access not only to “simple” molecular 
electronic building blocks such as molecular wires but also to more sophisticated, such as 
molecular rectifiers. At the same time, other molecular devices, such as molecular 
switches, transistors, etc., would also be highly desirable for fabrication of even more 
complex molecular-based circuits. Such building blocks bearing special electronic 
functions can be designed by incorporation of dedicated chemical functionality, e.g., 
redox- or photo-active moieties, into the structure of molecular wires. Along with the 
electrode-molecule interface, the charge transport through molecular junctions is strongly 
dependent on the intrinsic nature of molecular structures, which largely determines the 
electronic functionality of wires. As mentioned before, the charge is transferred along 
oligomer chain owing to the delocalized π-electrons. By means of chemical functionalities 
with distinct characteristics present along oligomer chain, the charge transfer may also be 
affected in regard to different orientations of those functionalities with respect to the 
backbone. While the functionality is placed along the main chain the molecular orbitals of 
new functionality were shown to contribute in conductance. For instance, in a study by 
Wang et al., the molecular conductance through OPE wires in both tunneling and hopping 
regimes was observed to be enhanced by the incorporation of ferrocene moieties along the 
OPE oligomer backbone.
182
  
4.1. Introduction and Motivation 
Recently, a new efficient synthetic method for a facile constructing of complex electron-
deficient moieties based on high-yielding addition reactions of the strong acceptor 
tetracyanoethylene (TCNE) to electron-rich alkynes was developed in the group of 
Diederich.
183-184
 TCNE molecule as a strong electron acceptor with a large electron affinity 
readily produces charge-transfer complexes by pulling electrons from neighboring 
molecules.
185
 Charge-transfer complexes exhibit strong visible absorptions and 
distinguishable redox-activities from their donor counterparts. Particularly, the reaction is 
based on the [2 + 2] cycloaddition of TCNE to alkynes substituted by aromatic amines or 
another electron rich moieties, followed by a cyclo-reversion, to form donor-substituted 
1,1,4,4- tetracyanobuta-1,3-diene (TCBD) chromophores.
186
 This transformation proceeds 
quickly under mild conditions without side reactions and by-products and is therefore 
regarded as a click-type reaction.
183 
This reaction was used so far also for incorporation of 
TCBD-based side-groups into polymers,
187
 however, the synthesis of polythiophenes 
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having TCBD-based end-groups has not been reported so far. The idea lying behind the 
incorporation of one/two donor-acceptor (D-A) chromophores per oligomer chain is to 
alter the energy gap between highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) and control oligomers’ energy level alignment 
within a single molecule junction. Studies revealed that the reactivities of that metal & 
azide-free click type reaction significantly depend on the electron density and the steric 
factors arising from the substituents of the alkyne moiety. Ferrocene,
188
 N, N-
dialkylaniline
186
 and azulene
189
 derivatives are served as favorable activators for a strong 
electron donor alkyne moiety used in the formation of main chain D-A type polymers via 
click post-functionalization. In time, the bilateral usage of cyano-containing organic π-
acceptors both as p-doping reagents for high electrical conductivities
190
 and as chemical 
reactants for organic reactions
187
 lead scientists to adapt the semiconductor doping 
techniques to perform polymer reactions via post-functionalization of conjugated polymers 
towards organic device applications. Unlike conventional click chemistry techniques, 
alkyne-acceptor click chemistry can be applied to conjugated systems for tuning the 
HOMO-LUMO levels. By the chemical attachment of TCNE to pre-alkyne substituted 
polymer chains, the energy levels dramatically lowered; in particular LUMO, for an 
aromatic polyamine precursor approaching a value -4.2 eV very close to n-type fullerene 
derivative, PCBM
191
 and for a regiorandom fully extended polythiophene smooth change 
in LUMO to -3.97 eV from -2.48 eV.
 192
 
 
Figure 4. 1 Functionalization of backbones from different positions with charge-transfer units: as 
end groups, or as pendant groups.  
Although KCTP relies on the living and controlled nature, there can be some drawbacks 
including incompatibility with several functional groups that require protection before 
polymerization.
61
 The preparation of P3HTs with several functional groups remains also 
challenging for KCTP due to either the intolerance of the already substituted functional 
group to harsh polymerization conditions or the restraints of the polymerization pathway 
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by that functional group.
113, 175
 For that reason, post-polymerization modification which 
allows a facile route without any inhibition to the polymerization medium from the 
functional group has become prominent for the introduction of functional groups to side 
chains of polymers.
193
 4`-Position of P3HT repeating units, possessing high electron 
density on the backbone due to extended π-system and electron donating nature of 
neighboring alkyl chain is a much favorable site to electrophilic substitution. The insertion 
to the 4`-position enables tailoring polymer structure with a desired functional group.
194
 
Thereafter, such-substituted P3HT served as a platform for the introduction of functional 
groups either with cross-coupling reactions including Stille, Suzuki-Miyaura, and Heck or 
with lithium-halogen exchange reaction followed by quenching with a variety of 
electrophiles, which creates a library of functional P3HTs with a vast number of 
functionalities.
 195-196
 
Herein, we bring the applicability of KCTP-based synthetic toolbox for the preparation of 
bis-end functionalized oligo(3-hexylthiophene)s through a different way in terms of the 
synthesis of wires especially designed for nanoscale electronics. As illustrated in Figure 
4.1, the desired D-A chromophore structures, as end groups, are generated via end group 
functionalization using quasi-living KCTP, whereas pendant D-A groups were 
incorporated via post-polymerization modification methodology. This allowed us to 
correlate the alterations in the structure with the optical and electronic properties. 
4.2. D-A chromophores via KCTP and GRIM: incorporation of end groups 
4.2.1. Synthetic Strategy and Design 
As described in chapter 3, the synthesis of double-end functionalized rr-oligo3HT was 
successfully achieved by a combination of KCTP and Negishi cross coupling. Similar to 
P2 synthesis, prepared 
t
Bu-protected initiator 17 (Scheme 4.1, step A) was added to the 
monomer 24 at the monomer/initiator feed ratio of 10:1, as represented in Scheme 4.1, step 
B (KCTP). After the monomer consumption, the reaction mixture was divided and 
terminated with the electron-rich ZnCl-substituted compounds having ethynyl-N, N-
dimethylaniline (ethynyl-DMA) (21) (as shown in Scheme 4.1, step C), ethynyl-ferrocene 
(ethynyl-Fc) (22), or tBu-protected ethynyl aryl thiol (23), respectively. In GRIM approach 
as shown in Scheme 3.1b, functionalized polymers were obtained by adding monomer 24 
to Ni(dppe)Cl2 catalyst in a monomer/initiator feed ratio of 10:1. Then, the polymerization 
mixture was divided into three portions in order to be terminated with MeOH, or ZnCl-
functionalized species 21 or 22. After quenching all portions from both KCTP and GRIM 
approaches, the terminated products P10-P14 (see Figure 4.2) were extracted with 
chloroform and further purified from low DP products via Soxhlet extraction with acetone, 
hexane, and chloroform respectively. Afterward, the purified polymerization products were 
also characterized in terms of starting-end group combinations, DPs, and dispersities. 
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Scheme 4.1 Synthesis of molecular wires exemplified by the preparation of P10-TCBD: step A) 
initiator preparation; step B) KCTP; step C) introducing the end-group by Negishi coupling; step 
D) Diederich-type click reaction. 
Oligo(3-hexylthiophene) wires with strong electron donor moieties, P10, P11, P13, and 
P14, were readily converted into donor-acceptor counterparts (Scheme 4.1, Step D), P10-
TCBD, P11-TCBD, P13-TCBD and P14-TCBD, by the formation of tetracyanobutadiene 
complex after a [2+2] cycloaddition of TCNE to the alkyne moiety followed by 
cycloreversion. That conversion into D-A counterparts was easily followed by down field 
shifted resonance signals for specific functionalities, DMA & Fc, and for D-A neighbored 
aromatic and α-methylene thiophene protons.  
 
Figure 4. 2 Polymers with different starting/end group combinations synthesized via a) externally-
initiated KCTP and b) Grignard metathesis polymerization 
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The reaction between ethynyl units in P12 with TCNE was also investigated in terms of 
the formation of charge transfer moieties if present. As given in Figure A.22, 
1
H-NMR 
spectra of P12 after the reaction with TCNE at different reaction conditions revealed 
almost no change in chemical structure. Therefore, the electron density of 
t
Bu-protected 
ethynyl aryl thiol (12) in P12 was found to be insufficient to form charge-transfer 
complexes with TCNE. 
4.2.2. Characterization and End group analysis 
As expected for a successful KCTP, all polymerization products P10 to P12 will contain a 
distinct starting group originated from initiator precursor, (R1) but different end groups due 
to different termination mechanisms: ethynyl-DMA (further designated as R5) in P10, 
ethynyl-Fc (further designated as R6) in P11 and 
t
Bu-S(ethynylPh2) further designated as 
R7 in P12 (Figure 4.2).  
 
Figure 4. 3  Comparison of 1H-NMR spectra of donor-end functionalized products (P10, P11, P12) 
with mono-/di-thiolate functionalized products (P1 and P2) obtained by KCTP 
The product P10 is functionalized by R1-starting groups and contains 70 % of R5-type end 
groups, 14 % of H-end groups and 16 % of the Br-end groups. The 
1
H-NMR spectrum 
differs in the shifted resonance peak of α-methylene protons of R5-neighboured thiophene, 
in addition to the expected aromatic signals at 7.41 & 6.69 ppm with methyl group signals 
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at 3.02 ppm originated from N, N-dimethylaniline functionality. Like P10, the spectrum of 
ethynyl-Fc (R6) terminated P11 also shows the shifted α-methylene protons, several 
distinct peaks (4.53 ppm & 4.28 ppm) which belong to ferrocene moiety and contains bis-
end functionalization in a high percentage (74%). P12, on the other hand, exhibits similar 
peaks with P2 due to the likeness between chemical structures of end-groups. From the 
peak correlations for α-methylene protons of bis-end functionalized product (2.71 ppm) 
with peaks for H- and Br-end functionalities, P12 is found to be end-functionalized with a 
degree of end-functionalization of 57%. 
 
Table 4.1 Mn, ᴆ, DP and end-group compositions for oligomers  
oligomer Mn(kg/mol)
a
 ᴆa DPb 
End-group composition
c
 
bis- RX/H- RX/Br- 
KCTP       
P2 
 DP 10 3.3 1.07 12 53 (R1/R2) 38 9 
DP 15
d 
4.2 1.08 16 49 (R1/R2) 33 18 
P10 3.1 1.05 10 70 (R1/R5) 14 16 
P11 3.1 1.06 10 74 (R1/R6) 17 9 
P12 3.2 1.13 11 57 (R1/R7) 24 19 
GRIM       
P7 3.3 1.12 12 - 58
e
 42 
P13 3.3 1.09 10-13 52
f
 (R5/R5)
 
29
e
 19 
P14 3.1 1.09 10-12 56
f
 (R6/R6)
 
27
e
 17 
a
 Determined by SEC in chloroform; 
b
 Determined by 
1
H-NMR spectra from the peak 
intensities for the region belongs to α-methylene protons of thiophenes as described 
in Fig.A.2. by setting methyl of R1 as reference point for P2, P10-12, setting α-
methylene protons of repeating unit (2.81 ppm) as reference point for P7, P13-14: 
c 
Determined by 
1
H-NMR spectra from the ratio of peak intensities of different end 
groups; 
d
 Used for post-polymerization modifications; 
e
 The sum of peak integrals of 
HH and HT couplings is given; 
f 
Mono/bis-end functionalization is not 
distinguishable from the peaks at 2.75 ppm & 2.74 ppm, therefore given percentage 
refers to the sum of functionalized composition. 
The polymerization products P13 and P14 obtained after GRIM polymerization will 
contain different end groups in a nonregiospecific fashion: mono/bis-R5 termination in P13 
and mono/bis-R6 termination in P14. Based on the existence of H- and Br-terminated 
structurally nonequivalent dyads (HH and HT) in P7, explained in chapter 3, P13 and P14 
products also contain that uncontrollable HT and HH end-functionalizations. Despite the 
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broad resonance signals observed at 2.77 ppm is an indicative of α-methylenes of R5 or R6 
groups-neighbored functionality, the type of functionalization (mono or bis-end) is not 
distinguishable from 
1
H-NMR data. As a result, KCTP provides more structurally defect-
free oligomer wires, as expected. As stated before, DPs of obtained products were 
determined from 
1
H-NMR data by a comparison of integrals of the starting/end groups 
with the integrals of internal repeat units. While the DP of the polymers is calculated based 
on the integration of R1-methyl reference signal for polymers P10-P12 obtained by KCTP, 
the internal α-methylene protons are taken as a reference signal for GRIM polymers P13-
P14 (see Figure A.2). DP`s from 
1
H-NMR spectra and the number average molecular 
weights (Mn) from SEC measurements (Figure A.3); molecular weights and dispersities 
are given in Table 4.1.  
4.3. D-A chromophores via post-polymerization modification method: Substitution as 
pendant groups 
4.3.1. Synthetic Strategy and Design 
D-A functionalization as anchoring group is aimed not only for LUMO lowering but also 
for the enhancement of metal-molecule bonding by the ease of electron transfer within the 
molecular junction. In addition to the substitution of charge-transfer groups as anchoring 
group as described above, D-A functionalization as pendant groups becomes significant 
due to the possibility to alter both intra- and inter-chain interactions between oligomer 
wires as well as its electronic nature.  
 
Scheme 4.2 Post-polymerization modification route to create D-A chromophores as pendant 
groups; (I) N-bromosuccinimide, CHCl3, (II) Stille coupling with 7 or 8, Pd(PPh3)4, toluene(dry), 
100
0
C; (III) tetracyanoethylene, CH2Cl2(dry) 
In this work, we used post-polymerization modification method rather than KCTP of D- or 
D-A functionalized monomers because we assumed that the presence of such D- or D-A 
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side group functionalities may affect the chain-growth mechanism of KCTP. The desirable 
oligomers with D- and D-A pendant groups were prepared as shown in Scheme 4.2. 
Briefly, P2 was synthesized in the first step using KCTP with the monomer/initiator feed 
ratio of 15:1 (see Table 4.1 for specifications). In the next step, Br-functions were 
introduced into the 4`-position by electrophilic substitution (Scheme 4.2, step E). The 
tailoring of the polymer structure was achieved by Stille cross-coupling, as represented in 
Scheme 4.2, step F. D-A chromophores were obtained using click-post functionalization 
from the product of the reaction step F, in which backbone was treated with TCNE to form 
charge-transfer complexes, as pendant chains, (Scheme 4.2, step G). For a better 
correlation between intrinsic nature of backbone and transport properties, precisely defined 
chemical structures were analyzed in depth after each transformation through steps E to G. 
4.3.1.1. Creating an active site via Electrophilic Substitution: Control of new-
functionalization positions at side chains 
In this work, bromination was performed by reacting P2 with N-bromosuccinimide (NBS), 
close to earlier described protocol.
194-195
 The degree of bromination for different P2 to 
NBS ratios was monitored by 
1
H-NMR spectra (represented as P2-4-Br [P2: NBS] for all 
ratios). As seen from Figure 4.4, integral intensity of the most characteristic signals of 
starting P2 (aromatic protons at 4`-position at 6.99 ppm and α-methylene aliphatic protons 
at 2.82 ppm) decrease upon increase of the NBS amount whereas the α-methylene aliphatic 
protons at 2.88 ppm of brominated product increase and neighbored aromatic protons to 
brominated sites shift to 7.05 ppm. When 1.2 excess of the bromination agent was used, an 
almost complete bromination was observed by a relatively up-field shift of α-methylene 
aliphatic protons to 2.72 ppm and a complete disappearance of thiophenic protons. At 
intermediate NBS content (P2: NBS [1:0:4] to [1:0.6]), partially brominated products were 
observed. Interestingly, chemicals shifts of thiophenic protons in partly brominated 
products depend on the distance of the remaining protons on brominated units and they 
appear as broad singlets at 7.05 ppm and 7.01 ppm for aromatic protons, as triplets at 2.87 
ppm, 2.70 ppm and 2.63 ppm for α-methylene protons. A careful integration of above-
mentioned signals allows determination of the bromination degree (as shown in Figure 4.4, 
x:y ratio in chemical structure) in each reactant NBS content. When P2: NBS ratio changes 
from [1:0.08] to [1:1.2], the Br-content as pendant groups varies from 0.92:0.08 till 0:1.0 
which can be directly correlated with the number of repeating units. Accordingly, for P2 
consisting of 20 repeating units, the lowest NBS content results in ~1.6 units was 
brominated. Thus, by regulating the ratio between the oligomer and NBS, one can control 
approximate numbers of bromo-atoms introduced into the backbone in such a way that 1 to 
2 Br-atoms are present at 1:0.08 ratio, whereas functionalization of all repeating units (and 
end groups) is observed at 1:1.2 ratio. In regard to above-described analysis, through step 
E in Scheme 4.2, new functionalization sites were successfully created on the oligo(3-
hexylthiophene) chains owing to the controllable bromination of 4`-position of repeating 
units. The H-end chains of P2, on the other hand, were observed to be converted into Br-
ends upon bromination, which can be clearly seen by a complete disappearance of 
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thiophenic H-end signals at 6.91 ppm and an increase of thiophenic Br-end signals at 6.84 
ppm in Figure 4.4. Owing to the sterically hindered structure and lower reactivity of 4`-
position of oligomer backbone than 2`-position, Br-functionalization from 2`-position was 
expected to be achieved at first. To this end, Br-substitution was attempted using less NBS 
amount as P2:NBS ratio [1:0.03] which was calculated according to end group 
composition (for 19% H-end composition of P2) and the conversion of H-end to Br-end 
without any 4`-substitution was also achieved. This further allows another type of post-
functionalization method to selectively incorporate functional units as end groups. Since, 
this work was aimed the 4`-bromination for the pendant group functionalization, P2:NBS 
ratio [1:0.08] was used for the optimization of modification pathway and increasing the 
degree of ratio to create D-A structures on oligomer backbone in high content. 
 
Figure 4. 4 
1
H-NMR spectra of obtained products with increasing ratio of oligomer to NBS in 
electrophilic substitution (H-end (●) at 6.91 ppm disappears while Br-end (●) increases) 
4.3.1.2. Addition of highly electron rich moieties via cross-coupling reactions 
In the following step, we investigated the substitution of the Br-functions by alkyne 
moieties using Sonogashira or Stille cross-coupling reactions (Scheme 4.2, step F). In our 
hands, the approach based on first the formation of 4`-ethynyl units by Sonogashira cross-
coupling did not work and reactant P2-4-Br was mostly recovered. Alternatively, Stille 
cross-couplings of P2-4-Br product with pre-synthesized N, N-dimethyl-4-((tributyl 
stannyl)ethynyl)aniline (13) or tributylstannylethynyl ferrocene (14) moieties were 
investigated. As seen from the 
1
H-NMR data in Figure 4.5, the spectrum of the reaction 
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product of P2-4-Br and 13 contains new resonance signals at 6.68 ppm and 7.42 ppm as 
doublets of AB system which can be assigned to the aromatic ring of ethynylDMA moiety. 
Additionally, singlet peaks at 3.0 ppm were observed for the reaction product which shows 
similar assignments with N, N-dimethyl groups of ethynylDMA unit in 13. On the other 
hand, the reaction product of P2-4-Br and 14 contains new peaks at 4.52-4.20 ppm which 
can be attributed to specific ferrocene protons as clearly seen from Figure 4.6. 
Furthermore, the broad singlet of P2-4-Br seen at 7.05 ppm which is attributed to the 
combination of aromatic protons of 3-HTs directly bonded to the initiator and neighboring 
to 4`-Br-functionalized 3-HTs is slightly shifted to lower field, 7.06 ppm, and become 
distinguishable. These data confirm the successful formation of desirable P2-4-
ethynylDMA and P2-4-ethynylFc oligomers which functionalized selectively from 4`-
positions of repeating unit. 
 
Figure 4. 5 Comparison of 
1
H-NMR spectra and assigned peaks of P2-4-Br and P2-4-
ethynylDMA with [1:0.08] ratio 
After P2-4-ethynylDMA and P2-4-ethynylFc products yielded via Stille coupling, it was 
obviously seen that the resonance signals from the Br-end thiophenic protons from P2-4-
Br at 6.84 ppm are completely disappeared, implying that all Br-functionality as end group 
was coupled with donor DMA unit. From this end, it can be further concluded that donor 
units were also incorporated as end groups during the reactions of P2-4-Br with 13 or 14 
due to the high reactivity of 2`-positioned Br-functions. Considering both pendant and end 
functionalization resulted after the Stille coupling, the differentiation of products from the 
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resonance signals and from the integrations was attempted. For P2-4-ethynylDMA 
product as shown in Figure 4.5, the observed singlet peaks at 3.02 ppm and 2.99 ppm with 
changing integrals can be attributed to the N, N-dimethyl groups of DMA of pendant 
substitution for the former signal and to the end-group substitution for the latter one. For 
P2-4-ethynylFc, on the other hand, pendant and end-group substitutions from 
1
H-NMR 
data were not as distinguishable as P2-4-ethynylDMA. As such, all available Br-functions 
(as side-chains and/or as end-groups) can be replaced by the acetylenic groups as a result 
of this modification step F. 
 
Figure 4. 6 Comparison of 
1
H-NMR spectra and assigned peaks of P2-4-Br and P2-4-ethynylFc 
with [1:0.08] ratio 
4.3.1.3. Metal-free click post-functionalization 
Subsequently, the click post-functionalization of the electron-rich acetylene groups in 
functionalized oligomers P2-4-ethynylDMA and P2-4-ethynylFc was attempted by the 
reaction with TCNE (Scheme 4.2, step G). For the determination of exact chemical 
structures of the reaction products and to facilitate interpretation of spectral data, model 
compounds, MC 1-4 were synthesized (see chapter 7 for all model compounds). 
Particularly, compounds MC-2 and MC-3, containing thiophene unit with both kinds of 
the donor side moieties (DMA and Fc), were synthesized. In the next step, they were 
converted into corresponding adducts using click reaction with TCNE. The shifts in 
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resonance signals of the two model compounds formed after the click post-
functionalization are given in Figure A.23 and A.24.  
Click reactions between P2-4-ethynylDMA and TCNE as well as P2-4-ethynylFc and 
TCNE was conducted under standard conditions. Figure 4.7 and 4.8 compare 
1
H NMR 
spectra of reaction products and starting materials. For the reaction of P2-4-ethynylDMA 
with TCNE, the 
1
H-NMR spectrum of the product shown in Figure 4.7 reveals two 
different patterns in resonance signals when the peak integrals are considered, which can 
be assigned the formation of two kinds of product clearly. The first pattern is seen as a 
considerable downfield shift both in the AB system resonance signals of aromatic DMA 
unit to 7.85 ppm- 6.77 ppm and in the methyl units to 3.19 ppm, just as observed for MC-2 
in Figure A.23. From the calculated integrals, this pattern can be assigned to the D-A 
functionalization from end groups. Whereas the slightly shifted AB system resonance 
signals of DMA unit to 7.42 ppm-6.74 ppm and a shifted singlet with higher integral at 
3.14 ppm for methyl groups indicates the side chain substitution. To confirm whether these 
pendant/end-group substitutions present at the same time, NOESY 
1
H-
1
H NMR spectra of 
both reactant and product were recorded and the corresponding data were presented in 
Figure 4.8.  
 
Figure 4.7 Comparison of 
1
H-NMR spectra and assigned peaks of P2-4-TCBD-DMA and its 
donor-precursor 
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NOESY 
1
H-
1
H NMR data of the reaction product P2-4-TCBD-DMA and the starting 
material P2-4-ethynylDMA are shown in Figure 4.8, in which the above-mentioned 
integral-related patterns for the shifts in aromatic resonance signals from 
1
H-NMR data 
was clearly observed. The AB systems, 7.85 ppm- 6.77 ppm and 7.42 ppm- 6.74 ppm, 
were seemed to be correlated with each other by the exact match of cross peaks, as seen in 
Figure 4.8. Furthermore, the N, N-dimethyl group signals of the D-A moieties with the 
aromatic AB system signals was strongly correlated by the existence of separated cross 
peaks belonging to each AB systems at 3.19 ppm and 3.14 ppm (Figure A.7). This also 
enables the differentiation of the side- and end-group substitution on oligomer backbone 
from NOESY 
1
H-
1
H NMR data. It was also observed that the new thiophenic peak at 7.18 
ppm strongly correlates with the peak at 2.70 ppm that indicates the physically close nuclei 
to each other. At the same time, it was also seen from the other axial peaks that the 
thiophenic peak at 7.18 ppm only correlates with the signals of backbone (Figure A.7). 
Therefore, these peaks including both aromatic and α-methylene signals can be attributed 
to the neighboring repeating unit of D-A end-functionalized chains, also in an agreement 
with the 
1
H NMR data of KCTP products, P10-TCBD and P13-TCBD.  
 
Figure 4.8 Comparison between side chain/end group functionalization by NOESY 
1
H-
1
H NMR 
data of P2-4-ethynylDMA and P2-4-TCBD-DMA 
From the correlations with NOESY 
1
H-
1
H NMR spectroscopy of already assigned peaks 
after each modification step, the degree of adjacency between peaks can be determined as 
shown in Figures A.5-7. As a result, the correlated peaks from an extensive NMR analysis 
of reaction products through step E to G indicate the D-A functionalization of backbone 
from both pendant and end-positions. 
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Likewise, 
1
H NMR data of the click reaction product of P2-4-ethynylFc with TCNE and 
starting material is compared in Figure 4.9. From 
1
H NMR data, a broader septated 
downfield shift to 4.52-4.20 ppm with small new peaks around 5.06-4.61 ppm was 
observed that can be ascribed to the signals of ferrocene group located as side chains and 
end groups, respectively.  
 
Figure 4.9 Comparison of 
1
H-NMR spectra and assigned peaks of P2-4-TCBD-Fc and its donor-
functionalized precursor 
4.3.2. MALDI-TOF Characterization 
MALDI-TOF mass spectrometry is a powerful tool for the determination of molecular 
weight distribution and end-group composition of oligomer backbone. This method was 
used to further monitor chemical modifications of thiophene-based oligomers. As seen 
from Figure 4.10, MALDI-TOF spectrum of P2 (R1/R2) contains the expected combination 
of di-capped and mono-capped components; the largest signal intensity has 14-mer, which 
corroborates with the results from 
1
H-NMR and expected (feed ratio) DP of 15 (Table 4.1). 
For an easy tracking, 14-mer oligo(3-hexylthiophene)s with bis-end functionalization 
(2672 g/mol with R1/R2, 179/165 g/mol) and mono-functionalized (2674 g/mol with 
179/167 g/mol (R1/H) end groups & 2753 g/mol with 179/246 g/mol (R1/Br) end groups) 
are chosen as reference points.  
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Figure 4. 10 MALDI-TOF spectra of P2 (left) and P2-4-Br [1:0.08] (right) with the assignments of 
possible peak distributions 
Products formed by the bromination reaction (step E) appear on MALDI-TOF as a mixture 
of starting P2 and poly-bromination products. For example, products obtained at the lowest 
bromination ratio of [1:0.08] are mostly represented by starting P2 and mono-brominated 
P2-(4-Br)1 whereas the fractions of di- and tri-brominations (P2-(4-Br)2 and P2-(4-Br)3, 
respectively) are relatively minor.  
 
Figure 4. 11  MALDI-TOF spectra of P2-4-ethynylDMA [1:0.08] (left) and P2-4-TCBD-DMA 
[1:0.08] (right) with the assignments of possible peak distributions 
After the donor group insertion through step F, the products formed were also monitored 
by MALDI-TOF data by comparing the starting material having the fractions of P2 and 
P2-(4-Br)1-3. The product of Stille coupling having a single 4-ethynylDMA group is 
represented on MALDI-TOF spectra by peaks with the mass +144 as P2-(4-e-DMA)1. As 
in the case of the bromination product obtained at the ratio of [1:0.08], this is the major 
product in the reaction mixture. After the click reaction, the 4-ethynylDMA group is 
converted into -4-TCBD-DMA represented the peaks with the mass +272 as P2-(4-t-
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DMA)1 (Figure 4.11). As a result, the synthetic method meets our objective and 
introduction of one, two or more donor-acceptor functionalized side- or end-groups along 
oligomer backbone can be successfully achieved.  
4.4. Optical properties/Alterations in D-A ratio along the oligomer chain 
In order to examine whether these end group/side chain D-A modified oligomer chains 
(Figure 4.12) show significantly changed optoelectronic properties due to changes in 
electronic nature of their backbones, they were investigated by UV-Vis spectroscopy.  
 
Figure 4.12 Solution colors of D-A substituted oligo(3-hexylthiophene)s and model compounds 
(0.03 mg/ml) in dry CH2Cl2; (I) P2, (II) MC-2, (III) P10-TCBD, (IV) P13-TCBD, (V) P2-4-TCBD-
DMA [1:0.08], (VI) P2-4-TCBD-DMA [1:0.4], (VII) P2-4-TCBD-DMA [1:1.2], (VIII) MC-3, (IX) 
P11-TCBD, (X) P14-TCBD, (XI) P2-4-TCBD-Fc [1:0.08], (XII) P2-4-TCBD-Fc [1:1.2] 
To facilitate interpretation of optical absorption data, solution UV-Vis spectroscopy of the 
model compounds was carried out (Figure A.25). As expected, optical absorption spectra 
of D-A modified oligomers contained absorption bands inherent to both 3HT-oligomers 
and the model compounds. For example, P2-4-TCBD-DMA has a shoulder at ~580 nm 
arising from the charge-transfer (CT) bands which is somewhat red-shifted relatively the 
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one for MC-2 (500 nm) possibly due to intramolecular D-A interactions between the D-A 
group and the backbone. Additionally, the effect of increasing D-A content along oligomer 
backbone was investigated by the synthesis of P2-4-TCBD-DMA structures from different 
polymer to D-A chromophore ratios (1:0.4 and 1:1.2) (see Figure 4.4). As illustrated in 
Figure 4.13a, increase of the TCBD-DMA unit amount resulted in an increase in the 
intensity of the CT band. Another indication of the side-chain modification is a progressive 
blue shift of the backbone absorption band (442 nm to 377 nm), occurring presumably due 
to increased backbone twist caused by increased steric hindrances.  Similarly, with less 
functionalized P2-4-TCBD-DMA [1:0.08], end-functionalized wires showed a red-shifted 
shoulder-like absorption at 570 nm, as expected.  
 
Figure 4.13 Normalized solution absorption spectra of TCBD-DMA substituted (a) (see chapter 
7.3.4.2 for o-TCBD) and TCBD-Fc substituted (b) oligo(3-hexylthiophene)s and model compounds 
Similarly to the P2-4-TCBD-DMA case, the addition of TCNE to the Fc-substituted 
oligomers (P2-4-TCBD-Fc) resulted in the appearance of a red-shifted tail-like absorbance 
around 570 nm indicated the existence of the D-A end- or side-groups (Figure 4.13b). This 
absorption corroborates with the CT band of the TCBD-Fc group observed in MC-3 and 
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MC-4 at around 620 nm (Figure A.25). However, for a highly functionalized P2-4-TCBD-
Fc [1:1.2], the main chain absorbance was considerably blue-shifted to 360 nm with a 
broad tail lying over longer wavelengths due to a twisted chain conformation originated 
from repulsive side group interactions. Similar trends were also seen in absorbances of 
oligomers in thin films and the insertion of D-A chromophores can be tracked by the broad 
tails extending from the longest wavelength absorption peak which may originate from the 
presence of highly π-stacked aggregates (Figure 4.14). The optical band gaps were also 
estimated from the onset wavelengths of those tails and showed a decreasing trend by an 
increase of the D-A group content (Table 4.2). 
 
Figure 4. 14 Thin film absorbance spectra of side chain/end group D-A functionalized oligomers 
The fluorescence spectra of side chain-DMA series also confirmed the formation of D-A 
chromophores by a decrease in emission intensity at 566 nm upon excitation at 430 nm 
(Figure A.28b). When the oligomers were excited at their absorption maxima, the emission 
of P2-4-ethynylDMA (570 nm) was slightly red-shifted and for P2-4-Br (561 nm) was 
slightly blue-shifted relative to that of P2 (568 nm) and P2-4-TCBD-DMA (566 nm). The 
quenching of the fluorescence by electron-deficient TCBD is a usual phenomenon and may 
be explained by photo-induced energy or electron transfer from the donor to acceptor units. 
4.5. Electrochemical Characterization 
For the verification of optical band gaps and the determination of HOMO-LUMO energy 
levels, redox activities of oligomers in both anodic and cathodic directions were studied 
with cyclic voltammetry. Besides the chemical and optical correlation with DA-
functionalized oligomer structures, model compounds, MC-2 and MC-3, were also 
electrochemically characterized by cyclic voltammetry. The anodic shift of oxidation 
profiles and the existence of new reversible peaks upon reduction are observed after the 
conversion of donor precursors (25 and 26) to MC-2 and MC-3 as seen in Figure 4.15. As 
seen from Figures 4.16, 4.17, 4.18 and Table 4.2, cyclic voltammograms of P2, P7, P10-
P14 oligomers and their TCBD adducts displayed several reversible oxidation peaks which 
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can be ascribed to morphological non-homogeneity or the co-existence of the zones with 
different conjugation lengths, which is an expected feature for polythiophene backbones.  
 
Figure 4. 15 Cyclic voltammograms of model compounds (2mg/ml) measured by a Pt disc 
working electrode, a Pt wire counter electrode and an Ag/Ag
+
/CH3CN(dry)/(0.1M) Bu4NPF6 
reference electrode under nitrogen atmosphere, at a speed of 100 mVs
-1
; MC-2 (a) and MC-3 (b) 
with oxidation/reduction peaks and onset values 
The first partly reversible oxidation peak around 0.15 V versus Fc/Fc
+
 redox couple may 
be attributed to the R1-starting group (sulfide moiety) which is in a fair agreement with the 
oxidation profiles of initiator/quencher precursors as seen in Figure 3.16. All of the KCTP 
products containing R1 unit as starting group exhibit first reversible oxidation peak at the 
same region (see Figure 4.16a), whereas the GRIM products except 
t
Bu-terminated product 
P8 are deprived of that sharp oxidation peak as observed in Figure 4.16b. A partly 
reversible oxidation peak around 0.2 V versus Fc/Fc
+
 redox couple, most likely originates 
from the oxidation of polymer fragments with longest conjugation length, whereas the 
peak around 0.3 V versus Fc/Fc
+
 may correspond to the amorphous segments with shorter 
conjugation lengths.
149
 
Hence, the number of consecutive redox peaks and shifts in peak potentials upon oxidation 
strongly depend on the content of HT-HT couplings on polymer sequence for un-
functionalized polyalkylthiophenes.
149 
Yet, in this study, those changes in oxidation 
profiles cannot be attributed solely to the distortion of planarity by the addition of TT 
couplings along the oligo(3-hexylthiophene) backbone. The shape of the oxidation peaks 
varies strongly for differently-terminated oligomers. This can be attributed to a different 
termination pattern and a different content of redox-active (and electron-rich/deficient) 
units in the oligomers. GRIM oligomers are expected to show more indistinctive and 
slightly anodically shifted oxidation peaks than their KCTP counterparts due to a loss in 
HT coupling content and an increase in donor-functionalized end-group content, as seen in 
Figure 4.16. Thus, the oxidative pattern of the oligomers can be finely tuned by changing 
not only end-group functionality but also the degree of regioregularity. 
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Figure 4.16 Comparison of anodic parts of cyclic voltammograms of oligo(3-hexylthiophene)s 
prepared by KCTP (a), and by GRIM (b) 
Introducing of TCBD moiety into the oligomers mostly changes the reduction part of the 
voltammograms. Addition of TCNE to the end group electron donating alkynes modified 
oligomer wires results in the appearance of three well-defined consecutive oxidation peaks 
for respective KCTP oligomers P10-TCBD and P11-TCBD due to less structural defects 
(Figure 4.17 and 4.18), besides oxidation potentials for all oligomers shifted towards 
positive potentials. The appearance of two quasi-reversible reduction waves at -0.86 V and 
-1.13 V for P10-TCBD and at -0.87 V and -1.15 V for P13-TCBD can be attributed to the 
presence of redox active TCBD (Figure 4.17 and A.26), as observed in model compound 
MC-2 in similar but much stronger redox processes (see Figure 4.15a and A.29a).  
 
Figure 4.17 Cyclic voltammograms of D-end group functionalized P10 (KCTP product) and D-A-
end group functionalized P10-TCBD with oxidation peak maxima; enlarged reduction profile of 
P10-TCBD with reduction peak maxima and onset potentials (inset graph) 
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Figure 4.18 Cyclic voltammograms of D-end group functionalized P11 (KCTP product) and D-A-
end group functionalized P11-TCBD with well-defined oxidation peaks and maxima potentials; 
enlarged reduction profiles of P11-TCBD with reduction onset potentials (inset graphs) 
For the products after post-polymerization modifications, a similar trend was observed 
both in anodic and cathodic directions for the TCBD-DMA functionalization. In contrast, 
for TCBD-Fc functionalized oligomers, the oxidation and reduction peaks were not simply 
definable due to the inhibition from intense ferrocene peaks. The redox properties of post-
polymerization products having a different degree of TCBD-modification were also 
investigated to elucidate a relationship between the exact position of the D-A chromophore 
and their LUMO levels. 
 
Figure 4.19 Comparison between oxidation/reduction profiles of TBCD-donor side chain-
functionalized oligomers with different amount of D-A content and TCBD-donor-functionalized 
model compounds (MC-2 & MC-3); (a) DMA, (b) Fc as donor moieties 
With the increase of the TCBD-DMA content, oxidation potentials shifted toward positive 
potentials till a limiting point in which the oxidation profiles changed in reverse order. This 
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may result from the sterical crowdedness of side chains and thus low film quality obtained 
on Pt electrode. It should be noted that TCBD-DMA functionalization whether as a side 
chain or as an end group become distinguishable from the first reduction potentials: -0.70 
V for P2-4-TCBD-DMA [1:0.08] and -0.86 V for P10-TBCD.  
 
Figure 4.20 Comparison between the cathodic cycles of TCBD-DMA chromophores to distinguish 
side chain functionalization from end group functionalization 
As seen in Figure 4.20, two reversible reduction peaks (-0.70 V and -0.84 V) originated 
from cyano-acceptor groups appeared for P2-4-TCBD-DMA [1:0.08] since it is comprised 
of the mixture of both main/side chain D-A functionality and with increasing amount of  
D-A moieties, that peak shifted towards more positive potentials up to -0.67 V for P2-4-
TCBD-DMA [1:1.2]. Similarly, end group D-A functionality can be deduced from the 
cathodically shifted reduction peak such as, -0.86 V for P10-TBCD, -0.87 V for P13-
TCBD and -0.90 V for MC-2.  
 
Figure 4.21 Comparison between the reduction profiles for the detection of exact positions of 
TCBD-Fc chromophores along oligomer backbone 
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Noteworthy is the comparison of TCBD-Fc inserted oligomer wires, which becomes 
ambiguous for the side chain functionalized ones, P2-4-TCBD-Fc [1:0.08] and P2-4-
TCBD-Fc [1:1.2] while reduction, due to sterically crowded structures (Figure 4.19b). 
P11-TCBD and P14-TCBD (Figure 4.18 and A.27), conversely, show two reversible 
reduction peaks at -0.86 V and -0.84 V respectively, which strongly corroborates with the 
first distinct reduction peak of MC-3 and the reduction peak tail of P2-4-TCBD-Fc 
[1:0.08] (Figure 4.21). 
4.6. Comparison of D-A oligomers 
Since oxidation happens with the removal of electrons from HOMO, delocalized along π-
conjugated backbone mostly coming from thiophene units, and reduction with the addition 
of electrons to LUMO, onset potentials from first oxidation/reduction peaks are expected 
to be closely related to the HOMO-LUMO energy levels. Figure 4.22 represents the 
calculated HOMO-LUMO energy levels for both donor forms of the oligomers (dashed 
lines) and donor-acceptor forms of oligomers (solid lines). The data clearly indicated that 
LUMO levels for all oligomers decreased dramatically upon the formation of TCBD 
moiety and the extent for LUMO lowering was more considerable when compared to 
changes in HOMO levels. Particularly a strong decrease in HOMO levels for side chain D-
A wires whereas almost no change for end group D-A wires was observed as expected 
since the electronic nature of π-conjugated backbone remained relatively stable upon the 
end-group functionalization. Accordingly, the electrochemical band gaps were reasonably 
decreased after each click post-functionalization and in a fair agreement with optical band 
gaps (see Table 4.2) 
 
Figure 4. 22 HOMO-LUMO energy levels for D-substituted (dashed lines) and respective D-A 
substituted oligomers and model compounds (solid lines) 
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Table 4.2 Optical and electrochemical data for oligomers and model compounds 
Oligomer/molecule 
λmax(soln) 
(nm)
a
 
λmax(film) 
(nm)
b
 
ΔEopt(film) 
(eV)
c
 
Cyclic Voltammetry
 d
 
E
0
ox (V) E
0
red (V) 
ΔEelec 
(eV)
e
 
P2 442 498 1.81 0.16,0.41 -1.74 1.53 
P2-4-
ethynyl-
DMA 
 
[1:0.08] 436 480 1.78 0.14,0.28 -1.71 1.41 
[1:0.4] 321,356 366 2.12
f
 0.37,0.51 -1.70 1.64 
[1:1.2] - 392 1.28 
0.17,0.30,
0.48 
-1.73 1.34 
P2-4-TCBD-
DMA  
[1:0.08] 432,583
g 
484 1.40 
0.35,0.44,
0.55 
-0.70,-0.84, 
-1.35 
0.85 
[1:0.4] 377,584 392,630 1.19 0.67 -0.67, -1.29 0.96 
[1:1.2] 
369,468, 
587 
380,654 1.18 0.05,0.40 -0.67,-1.68 0.66 
P2-4-
ethynylFc  
[1:0.08] 434 453 1.82 0.27 -1.69 1.60 
[1:1.2] 359 375 1.61 0.22 -1.69 1.44 
P2-4-TCBD-
Fc 
[1:0.08] 426, 575
g
 507 1.35 0.26,0.52 -0.89 1.35 
[1:1.2] 360 318,372 1.28 0.32 -1.63 1.24 
P10 - 474 1.85 0.14,0.27 -1.73 1.45 
P10-TCBD 439, 570
g
 480 1.69 
0.13,0.34,
0.45 
-0.86,-1.13, 
-1.80 
0.83 
P11 - 465 1.85 0.15,0.23 -1.73 1.46 
P11-TCBD 438, 571
g
 480 1.69 
0.13,0.32,
0.54 
-0.86,-1.16, 
-1.71 
0.75 
P13 - 447 1.82 0.13,0.23 -1.53 1.38 
P13-TCBD 445, 570
g
 490 1.55 0.12,0.31 
-0.87,-1.15, 
-1.48 
0.74 
P14 - 496 1.66 0.15,0.23 -1.59 1.43 
P14-TCBD 445, 571
g
 482 1.65 
0.13,0.34,
0.55 
-0.84,-1.13, 
-1.55 
0.66 
MC-2 323,469 367,551 1.37 0.86 -0.90 1.48 
MC-3 343,625 
371,486,6
37 
1.34 0.48 
-0.93,-1.27, 
-1.52 
1.14 
       
a
 Measured in dry CH2Cl2; 
b
 Thin films were prepared via drop-casting from CH2Cl2 solution on a glass 
substrate; 
c  
Film-absorption onsets were taken from the broad shoulders of spectra in Fig. 4.14; 
d
 Cyclic 
voltammograms were measured preparing the films of oligomers on Pt electrode in ACN/TBAPF6   (0.1 
M) and ox/red potentials were referenced against Fc/Fc
+
 redox couple; 
e  
HOMO-LUMO energy levels 
were calculated by setting Fc/Fc
+
vac at -5.1 eV vs. vacuum, then the electrochemical band gap is 
estimated from  ΔEelec [eV]= |HOMO-LUMO|; 
f 
calculated from the onset highest of peak maxima, 
since absorbance cannot be set to zero and tail was not feasible to draw onset from; 
g 
Absorbance 
values belong to the small shoulders formed due to D-A structures 
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4.7.  Summary 
Herein, a series of bis-end functionalized, fully conjugated oligo(3-hexylthiophene)s 
modified with charge transfer donor-acceptor (D-A) moieties, namely TCBD-DMA and 
TCBD-Fc, as side- or end-groups were synthesized. For the D-A functionalization as 
anchoring groups, we employed quasi-living Nickel-catalyzed KCTP and thereafter post-
functionalization strategy to obtain well-defined end-functionalized oligo(3-
hexylthiophene) wires having controlled molecular weight, a satisfactory degree of end 
group functionality and main/side chain redox-activity. In-situ termination of externally 
initiated KCTP medium with various ZnCl-functionalized species facilitated bis-end group 
functionality up to 60% for thio-substituted and more than 70% for donor unit-substituted 
termination agents. Those products with highly electron rich alkynes as anchoring groups 
were further converted into donor-substituted TCBD chromophores by the addition of 
electron-deficient ethene moieties via click post-functionalization.   
The latter one, D-A chromophores pendant groups, relies on the post-functionalization of 
bis-end functionalized oligo(3-hexylthiophene)s obtained by KCTP by a three-step high-
yielding route consisting of the creation of an active site, followed by the insertion of 
electron-rich alkynes and click post-functionalization for the formation of TCBD 
functionality. It is noteworthy that accordingly to the analysis of reaction products after 
each post-polymerization modification step, the fraction of ~40% of P2 that remained 
mono-functionalized after the KCTP due to an imperfection of the polymerization process,  
received a useful functionalization after the bromination step followed by incorporation of 
the TCBD-DMA moiety. Alterations in TCBD content along polymer chain enable precise 
structural elucidations due to the traceable neighboring peaks of TCBD moiety. Besides, 
this also makes the side/main chain functionalization distinguishable while the electron is 
inserted into the polymer film. As a result, these smooth alterations at the end and pendant 
positions enable fine-tuning of electronic nature of oligomer backbone, and thus 
photophysical and electrochemical properties, in particular, LUMO levels. This allows 
manipulation of the energy alignment within molecular junctions. Furthermore, these data 
demonstrate the much higher fidelity of the chain-initiation than the chain-termination 
process which highlights a clear advantage of KCTP compared to the GRIM 
polymerization for the synthesis of bis-functionalized molecular wires particularly because 
only KCTP provides an access to asymmetrically-functionalized polymers. The 
functionalized molecular wires prepared by KCTP having starting and end-groups of 
different kinds open up new opportunities for several applications. In this case, one can 
benefit not only from a selective binding of the molecular wire to electrodes made of 
different metals (to achieve site-specific positioning of the wires) but also from different 
charge-injection properties of the end/starting groups. For instance, we expect that the 
relatively high electron affinity TCBD-based end group should facilitate the electron 
injection only from one side, providing the rectification effect.  
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5. Oligomeric Alligator Clips 
Electron transport through molecular junctions is strongly influenced by the coupling 
strength between metal and molecules (Г). The chemical structure of anchoring group, in 
particular, the substituent bonded to the sulfur atom, significantly defines the strength of 
coupling. For example, for tert-butyl thiolate (
t
Bu-S), acetyl thiolate (Ac-S) and thiol (-SH) 
substituents the coupling regime is designated as weak, intermediate and strong, 
respectively.
197
 Thiols, disulfides, and thioacetates, owing to the possible strong or 
intermediate couplings, are extensively used functionalities for the adsorption on a gold 
surface. The thiol functionality is widely believed to adsorb on gold surfaces along with 
the S-H bond scission to form stable and covalent Au-S bond.
198
 Hence, the conversion of 
t
Bu or TMSE protecting groups into thiolates has come in prominence to date.  
As stated in the literature, de-protection of the 
t
Bu-protected thiols usually requires 
relatively harsh conditions such as the use of strong protic (HBr, H2SO4, TFA, PTSA) or 
Lewis (AlCl3, BBr3 or FeCl3) acids.
199-200 
Although oligothiophenes itself withstand such 
conditions, these methods are not applicable for single-molecule electronics because the 
fabrication of such devices requires the de-protection to be performed directly in a 
corrosive-sensitive environment. Additionally, the undesirable disulfide formation can be 
minimized by the de-protection method with an easily cleavable protecting group such as 
thiocyanates (-SCN) or thioacetates (-SAc).
201-202
 Among them, thioacetates are the most 
commonly used type of thiol protecting groups which can be easily cleavable in acidic 
conditions as well as in mild, slightly basic conditions such as in diluted ammonia 
solutions.
203-204-205
 
5.1. Metal-molecule coupling: Introduction 
 
Scheme 5. 1 General two-step method for the cleavage of protected-thiols into thiolates for the 
formation of alligator clips  
Therefore, for the cleavage of protecting groups, 
t
Bu and TMSE, a two-step method is 
preferred which involves the first re-protection of wires with a less stable protecting group, 
followed by in-situ de-protection of that group right before the conductance measurements. 
This first re-protection route will be further denoted as the “trans-protection” route. The 
success of the trans-protection route is also an indicative of the generation of thiolate anion 
upon the treatment of de-protecting agent. After the formation of thiolate anion, a good 
electrophile is used as a trapping agent to protect free thiolate moiety. In principle, highly 
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stable protecting groups, 
t
Bu-S, and TMSE-S, as end groups of wires are removed by the 
treatment of proper de-protecting agent and the following consequential trapping reaction 
with acetyl chloride in this work furnishes the corresponding thioesters as illustrated in 
Scheme 5.1. Thereafter, in-situ de-protection of thioacetates by the cleaving agents results 
in the formation of thiolate anion with a binding tendency to gold surface.
206
 The methods 
used for the removal of 
t
Bu and TMSE groups from oligothiophene wires will be addressed 
with an extensive characterization in the following parts. 
5.2. Trans-protection towards strong coupling: Results and Discussion 
t
Bu group was chosen as one of the protecting groups for initiator precursors since it can 
tolerate a range of experimental conditions including strongly acidic and basic medium. 
TMSE group, like 
t
Bu, is shown to be stable in several reactions as well as can undergo a 
selective cleavage. Furthermore, both groups can be easily converted into versatile 
thioacetate moiety followed by its further conversion into completely de-protected thiol 
groups for the immobilization onto desired electrodes.  
To date, the conversion of the 
t
Bu-S group into Ac-S group has been achieved by several 
types of reactions. 
t
Bu moiety was also observed to accidentally transform to thioacetates 
in fairly mild reaction conditions such as, in the presence of a catalytic amount of Br2.
178
 In 
this work, three routes were attempted for the conversion of highly stable 
t
Bu-S groups into 
fairly stable Ac-S protecting groups including treatments with AlCl3, Br2 (in catalytic 
amounts) or BBr3 followed by AcCl addition.  We realized that the first two routes failed 
to deprotect the 
t
Bu-S group and it observed to remain intact. At the same time, oligomer 
backbone was destroyed after the treatment with Br2; aromatic thiophene peaks diminished 
and those α-methylene peaks of thiophenes were shifted to a higher magnetic field, which 
is an indicative of severe bromination of thiophene rings.  
The SAc protecting group was successfully introduced by reacting of 
t
Bu-protected thiols 
with acetyl chloride by overnight stirring at 75°C in the presence of BBr3 acting as a 
cleaving agent (Figure 5.1 and Route I, chapter 8). This was the only procedure which 
successfully worked for the conversion of protecting groups in longer oligomers, as 
previously reported.
207
 To assess deprotection of our oligothiophenes, different reaction 
conditions were tested including the alterations in the type of solvents (anhydrous THF, 
CH2Cl2, toluene and o-DCB), reaction temperatures, reactant equivalences and 
concentration of oligomer. As a result, the highest visible conversion from 
1
H-NMR 
spectra was observed for the cleavage of 0.1 mM P2 with BBr3 at 0°C in o-DCB, followed 
by the addition of AcCl and overnight stirring at 75°C (Route I, chapter 8). Additionally, to 
compare with the products’ structural data, initiator/quencher precursors were also treated 
with the same cleaving and trapping agents to form thioacetates of the existing precursors 
(see experimental details in chapter 8). As follows from the 
1
H-NMR spectra of 
initiator/quencher precursors before and after Route I trans-protection reaction in Figure 
A.31, the 
t
Bu-S groups are fully converted into Ac-S moieties, which is evidenced by the 
rising of acetyl peaks at 2.42 ppm with a complete disappearing of tert-butyl peaks at 1.29 
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ppm. Besides, in aromatic region, a compatible down/up-field shifts according to the 
electronic nature of obtained thioacetates is observed for both precursors.  
 
Figure 5.1 Evaluation of the reaction route by the comparison of 
1
H-NMR spectra of product P2-
SAc with the precursor P2 (assignments of rising peaks are showed with arrows) 
Similarly, as seen from the 
1
H-NMR spectra of oligomers before and after the treatments 
according to the trans-protection route in Figure 5.1, the conversion is clearly detected by 
the changes in resonance signals of related protons. 
t
Bu signals observed at 1.34 and 1.35 
ppm for the initiator and quencher units, respectively, disappeared with an appearance of 
the acetyl peaks at 2.47 and 2.45 ppm, as an indication for the conversion. This conversion 
was further supported by the shift in initiator/quencher’s aromatic resonance signals to a 
higher magnetic field and that of α-methylene protons of adjacent thiophenes around 3.0 
ppm. Although the amount of acetyl chloride (as trapping agent) was much higher than that 
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of cleaving agent, BBr3 (5 eq. trapping agent for 1 eq. of BBr3), the resonance signals 
around 3.8-3.6 ppm were detected, that can be attributed to the formation of thiols instead 
of AcCl trapping. Thus, the thiols (H-S) of 
t
Bu-S containing starting and end-groups as 
seen in Figure 5.1 were obtained as side products due to the uncontrolled cleaving and 
insufficient trapping within the trans-protection procedure. 
 
Figure 5.2 MALDI-TOF MS spectra of P2 and P2-SAc as whole overlapped spectra (a) and 
enlarged spectra to show distributions (b) 
Precise structural modifications were also monitored and supported by MALDI-TOF 
spectrometry for the trans-protection route. P2-SAc was analyzed in terms of end-group 
content and approximate chain length and compared with its precursor oligomer P2, as 
seen in Figure 5.2. In this case, a successful transformation was confirmed; a visible but 
not substantial deviation in molecular weight distributions was also observed. MALDI-
TOF data also confirmed a successful conversion of the 
t
Bu-S-protected P2 into AcS-
protected P2-SAc with a distinct change in molecular weight distributions. When 
examined in depth, several products were observed from the analysis of each peak both in 
low and high molecular weight fractions (Figure 5.3). In low molecular weight regions, a 
trans-protected product with Ac-S moiety in starting/end-groups (⧳ in Figure 5.4) has one 
of the highest percentage with the disulfide containing products which formed by the 
combination of mono/di-functionalized shorter chains (see exact structure ⧮ in Figure 5.4). 
These disulfide formations between products during or after the reaction can also be the 
explanation for the increase of P2-SAc chain length in MALDI-TOF spectrum. In addition 
to above-mentioned major products, one-end trans-protected (Ac-S) and/or de-protected 
(H-S) products (⧯, ⧲, ⧱ structures in Figure 5.4), and completely de-protected products (⧰, 
⧖, ⧗ structures in Figure 5.4) were also observable from MALDI-TOF spectra. But, for 
high molecular fractions as clearly shown in Figure 5.3, the lesser intense peak distribution 
with a peak maxima at 4653 g/mol was analyzed to be standing for the one-end trans-
protected products of P2 (see exact structure ⧲ in Figure 5.4).  
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As a result, this trans-protection of 
t
Bu-protecting group into acetyl-protecting group by the 
cleavage with BBr3 followed by AcCl-trapping was structurally confirmed by several 
techniques. Although this method enables the successful conversion to Ac-S moiety, it may 
fail in some aspects for some chemical structures due to relatively harsh conditions, and 
less controllable quantitative nature.  
 
Figure 5.3 MALDI-TOF spectrum of P2-SAc with enlarged regions to highlight the possible 
distributions over low molecular weight chains (left) and the high molecular weight segments 
(right) 
On the other hand, it is known from the literature that TMSE is the more convenient 
protection group as it allows introduction and, especially, de-protection to be conducted in 
much milder conditions. The protecting group TMSE used in this study was introduced to 
oligomer backbones as starting/end-groups both for easy conversion to Ac-S group and 
straightforward in-situ de-protection to thiolate moieties. For the trans-protection of TMSE 
to an acetyl group, two routes become prominent to date including TBAF or AgBF4 
treatments followed by AcCl trapping.208 
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Figure 5.4 Chemical structures of possible end group combinations for P2-SAc; analyzed from 
enlarged MALDI-TOF MS spectra in Figure 5.3 
Before the treatments of oligomer chains, first, the TMSE-protected quencher precursor 
was separately reacted with these two routes to yield acetyl converted forms (see 
experimental details in chapter 8, route II and III). From the 
1
H-NMR spectra of quencher 
precursor 7 before and after Route II and III trans-protection reactions in Figure A.32, the 
resonance signals of TMSE group at 2.95, 0.94 and 0.06 ppm are fully disappeared to form 
Ac-S moiety, with the arising acetyl peaks at 2.42 ppm and a down-field shift in aromatic 
peak signals. Although both routes efficiently yielded acetyl-converted quencher precursor, 
the treatment of TMSE-protected oligomers with TBAF remained insufficient for the 
complete conversion: the yield of trans-protection to Ac-S group is relatively low for di-
functionalized oligomer (Figure A.33) whereas it increases for mono-end functionalized 
oligomer (Figure A.36) 
Silver tetrafluoroborate treatment presented as Route III, on the other hand, provides the 
conversion into Ac-S group in high yields for both mono-/di-functionalized oligomers 
(Figure A.33 and A.36). As revealed in the 
1
H-NMR spectra of TMSE-bearing P5 before 
and after the treatments with trans-protection route III in Figure 5.5, the conversion is 
easily detected by the disappearance of TMSE related peaks at 3.03, 1.00 and 0.09 ppm 
with the appearance of acetyl peaks at 2.47 and 2.45 ppm. The integrals of these new 
acetyl peaks are also in an agreement with their bonded aromatic peaks. Furthermore, a 
shift to the lower magnetic field for aromatic protons and initiator neighbored thiophene 
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proton was observed, which is also consistent with quencher conversion peaks. Comparing 
the Route I used for 
t
Bu-S groups’ conversion, Route III for TMSE conversion presents a 
more facile and clean way than Route II without the formation of completely de-protected 
side products (thiols) after trans-protection. 
 
Figure 5.5 The conversion of TMSE-protected product P5 into trans-protected P5-SAc with route 
III and the analysis of arising and/or missing peak with 
1
H-NMR spectra 
5.3. Base-promoted in-situ de-protection 
The conversion into thiolates was intended to be identified by the changes in UV-visible 
absorbances. To correlate with oligomers, the model absorbance spectra using Ac-S trans-
protected initiator precursor (31) and TMSE-S quencher precursor (7) were recorded first 
upon the gradual addition of proper cleaving agent according to the involved protecting 
groups; NH4OH or Et4NOH or Et3N for Ac-S trans-protected product and TBAF or AgBF4 
for TMSE-S protected product. 
To make a qualitative deduction from the attempts of in-situ de-protection of the trans-
protected initiator precursor (31) with nucleophilic bases NH4OH and Et4NOH or with 
non-nucleophilic base Et3N, it can be said that the shifts of existing peaks or the formation 
of new peaks become hardly visible for Ac-S de-protection. Upon the addition of NH4OH, 
the peak maximum of product 31 at 237 nm was slightly blue-shifted to 230 nm, while red-
shifted to 240 nm for the gradual addition of Et4NOH as observed in Figure 5.6 a-b. This 
can be ascribed to the changes in obtained thiolate complexes with different cations (X
+
).   
Similar to Et4NOH, a red-shift to 241 nm was also observed for Et3N addition even though 
the de-protection mechanism proceeds in different patterns (Figure 5.6c).
209
 Since almost 
all cleaving agents used in this part result in indistinct peak distributions than the original 
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peaks, the most accessible and literature-comparable base NH4OH was preferred to cleave 
acetyl groups in oligomer samples. 
 
Figure 5.6 Solution absorption spectra of various in-situ de-protection methods with increasing 
amount of (a) NH4OH, (b) Et4NOH, and (c) Et3N added to the solutions of the trans-protected 
compound 31 in dry THF 
In contrast, for the direct conversion of TMSE-S group into thiolate form in the presence of 
TBAF or AgBF4 solutions, the changes in absorbance spectra become distinguishable from 
that of precursor compound 7. During the gradual addition of TBAF solution, the smaller 
peak of quencher precursor at 231 nm increased in intensity and slightly shifted to 235 nm 
which can be referred to free thiolates formed as in the cases for above-mentioned Ac-S 
de-protections. Additionally, the growing peak at 266 nm and newly generated peaks at 
294 nm and 330 nm show similarities with the absorption spectrum of cleaving agent itself 
(Figure 5.7a). Likewise, AgBF4 addition to the solution of compound 7 originated a peak at 
235 nm ascribing to thiolate formation. Although this peak is in the same region with the 
peak maximum of cleaving agent itself, it can be still attributed to the thiolate formation 
since it happened simultaneously with a decrease in the original peak of precursor 7 at 266 
nm (Figure 5.7b). Besides, the semi-isosbestic point at 257 nm as seen from Figure 5.7b 
also indicates the direct formation of thiolate species from TMSE-S protected precursor 
without the formation of any other intermediates. 
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Figure 5.7 Absorbance changes due to the in-situ de-protection of TMSE-protected quencher 
precursor 7 upon the addition of cleaving agents (a) TBAF, (b) AgBF4 solutions in dry THF  
UV-visible absorbances were recorded in order to observe whether the conversion of P2-
SAc into P2-S
2-
 by in-situ de-protection with NH4OH as well as the conversion of P3, P4 
and P5 into their corresponding thiolates with directly in-situ de-protection with TBAF (or 
AgBF4 only for P5) solution without any need for the formation of SAc trans-protection 
exists. 
 
Figure 5.8 (a) Normalized absorption spectra of oligomers having 
t
Bu-S, TMSE-S or Ac-S end 
groups showing distinct absorbance maxima in UV region, (b) Solution absorption spectra upon the 
addition of cleaving agents NH4OH for in-situ de-protection of Ac-S protected oligomer P2-SAc 
Prior to the oligomer de-protection studies, the absorbance spectra of the KCTP-formed 
oligomers and their trans-protection products were recorded to observe the variations 
regarding the change in end group content. As represented in Figure 5.8a, small deviations 
for peaks observed at UV region which is directly derived from the precursor compounds 
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were monitored. In UV region, P2 with 
t
Bu groups shows only one peak at 261 nm, 
whereas it’s acetate trans-protected product P2-SAc shows two distinguishable peaks; a 
red-shifted peak at 267 nm and a new peak at 233 nm which is believed to be originated 
from acetyl groups. P3 having both 
t
Bu-S and TMSE-S protected units in one structure 
shows two peaks at 233 nm and 265 nm. As can be asserted from the P3 spectrum, TMSE-
S related UV peak at 233 nm was strongly evidenced by the spectra of P5 which possesses 
that unit at both ends. After its trans-protection, obtained product P5-SAc also supports the 
idea by revealing two similar distinct peaks with a decrease in TMSE-S related peak 
intensity. 
 
Figure 5.9 The attempts for in-situ de-protection of TMSE-protected oligomers upon the addition 
of cleaving agents TBAF solution for (a) P3, (b) P4, (c) P5 and AgBF4 solution (d) for P5 to 
observe whether any changes in absorbance exist 
Like in-situ de-protection of precursor compound 31, the oligomer de-protection with 
NH4OH accompanied by the conversion of P2-SAc into P2-S
2-
 seems not to be much 
effective to distinguish from UV-visible spectra as seen from Figure 5.8b. TMSE-S unit 
containing oligomers, on the other hand, revealed more distinct peaks similar to the 
aforementioned in-situ de-protection of the precursor compound 7 with TBAF and AgBF4 
solutions. As shown in Figure 5.9a-d, the peaks become distinguishable after TBAF de-
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protection, whereas for AgBF4 treatment the overlapping of oligomer peaks with the self-
absorbance peak of cleaving agent complicates the deduction related to the success of the 
method. 
5.4. Grafting ability on gold surface 
The ability of the de-protected oligomer P2-S
2- 
to bind to the gold surface was further 
studied. To this end, the de-protection step was accomplished by treatment of P2-SAc 
solution in THF with 10% (v/v) NH4OH solution. Afterwards, a silicon wafer having a 
crystalline gold film was immersed into the solution of in-situ formed P2-S
2- 
for 10 hours 
and extensively rinsed with numerous amounts of solvent which accomplished the 
preparation of sample denoted here as Sample I. To verify whether or not the ability to 
form a chemisorbed layer of gold is an exclusive feature of thiol-terminated (i.e. de-
protected) oligothiophenes, two control samples (Sample II and Sample III) were also 
prepared. Sample II was prepared identically to the Sample I with the only difference that 
AcS-protected P2-SAc was directly used instead of in-situ de-protection as in P2-S
2-
. On 
the other hand, Sample III was prepared by drop casting of a thin-film of AcS-protected 
P2-SAc on the gold substrate and the preparation procedure excluded any rinsing steps. It 
can be expected that Samples I and II represent monolayers of the respective 
chemo(physio)sorbed oligomers (if the oligomers bind enough strongly to the gold) or the 
naked gold (in the case of relatively weak binding forces) because the preparation 
procedure involved extensive rinsing steps. However, Sample III seems to be a multilayer 
because the preparation procedure did not include the rinsing step. Thus prepared samples 
were analyzed by XPS. The most informative region in the XPS spectra is the region 
corresponding to electron binding energy of sulfur. Due to significantly different S2p 
binding energies of thiol (S-H), disulfide (S-S), thioacetate (S-Ac), thiophene (S-Th) and 
thiolate (S-Au),
210
 analysis of the XPS spectra may shed a light on the arrangement of the 
oligomer molecules and their interactions with the gold surface. It is known from the 
literature that the typical S2p binding energies for unbound thiols are around 163-164 eV
211
 
whereas unbound/physisorbed thioacetates and/or sulfur atom in thiophene show peaks at 
163.7 and 164.7 eV.
209,212 
Furthermore, 161-163 eV is the characteristic region of the Au-S 
bond formation which could be used for the estimation of the chemical grafting of the 
thiol-terminated molecules to the gold surface. 
As follows from Figure 5.10, the three samples show quite different features in the region 
corresponding to S2p binding energies. Thus, Sample I has the largest and the most highly 
resolved peak at 161.1-162.3 eV which can be attributed to the S-Au bond formation 
according to the above-mentioned literature data. In addition, it contains signals at 162-163 
eV presumably corresponding to unbound thiol and sulfide groups as well as of the 
thiophenic-type sulfur. In contrast, in Sample III, there is a negligible peak intensity with 
the binding energy below 162 eV whereas highly intense signal from the thiophenic sulfur 
centered at 164 eV, as could be expected for the gold substrate covered with a thicker layer 
of the oligomer. Indeed, as XPS is the surface-sensitive technique with the penetration 
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depth of X-rays less than 8 nm, any interactions between gold and sulfur atoms should not 
be observable. Qualitatively, the spectrum of Sample II is similar to that of Sample I with 
the difference that the peaks in the 161.0-162.1 eV region corresponding to the S-Au 
bonding is less intense than in Sample I (Figure 5.10e). The observed similarity of the 
spectra can suggest that the bonding is also formed in the case of trans-protected oligomer 
P2-SAc due to a relatively strong affinity of S-Ac group to gold as well as the existence of 
already de-protected side products in P2-SAc. 
 
Figure 5.10 High-resolution S2p XPS spectra of: (a) Sample I (in-situ de-protection followed by 
adsorption of  P2-S
2-
); (b) Sample II (adsorption of P2-SAc); (c) Sample III (drop-casting of P2-
SAc); (d) comparison of the spectra of the Samples I and II, (e) comparison of the spectra of the 
Samples II and III. 
On the other hand, an interesting conclusion about the molecular orientations in the 
samples I and II versus the Sample III can be drawn. Naturally, the drop-casting of rather 
long molecules of oligomers or polymers (as in the case of Sample III) leads to film 
formation with the conjugated molecules lying parallel to the surface plane, forming 
multilayers. On the other hand, the vertical molecular orientation is expected for molecules 
forming monolayers. Thus, the striking dissimilarities of the spectra in Figure 5.10a and 
  
104 
 
from the spectrum in Figure 5.10c may suggest different molecular orientations. Indeed, 
the spectrum of Sample III reflects the dominating contribution from the thiophenic-type 
sulfur at 164 eV but the lower contribution of the sulfur-containing end groups at 162 eV. 
Such a distribution of peaks is expectable for the lying parallel to the surface molecules. 
However, the spectrum of Sample I (and of Sample II to a bit lesser degree) not only 
differs from the spectrum of Sample III by the presence of the peak S-Au but also by a 
relatively low intensity of the thiophenic-type signal at 164 eV. This is consistent with the 
upright orientation of the molecules which makes the terminal thiol groups to be revealed 
by XPS preferentially. Although the results for defining the alignments or binding angle to 
the surface remain indecisive for Sample I and II, the gold-Au binding that is crucial for 
break junction studies was proven with the differences in S2p data. 
5.5. Single-Molecule Conductance: Mechanically Controllable Break Junctions 
MCBJs, in principle, allow the measurement of charge transport from one end of molecular 
backbone to another at a solid-liquid interface during opening/closing of a nanogap which 
is created by a mechanical actuator. After the formation of an atomically sharp nanogap 
between electrodes by the fracture of the thinnest part of the nano-spaced electrode after 
repetitive movements of movable pushing rod underneath, the target oligomer P2-SAc was 
exposed to that fractured surface by pipetting from a freshly prepared solution of oligomer 
in toluene (1.0 mg/ml) mixed with in-situ de-protecting agent NH4OH. To eliminate 
possible effects due to experimental and environmental contaminants, at first pure toluene 
was used for the characterization of the MCBJ device and observed breaking traces for 
toluene are represented in Figure 5.11a. The two-dimensional trace histograms which were 
constructed from a number of consecutive breaking traces (100 curves) of pure toluene and 
the solution of the trans-protected P2-SAc and in-situ de-protecting agent NH4OH in 
toluene are displayed in Figure 5.11a-b, respectively. The number of counts found at each 
conductance value for a certain electrode distance was represented by the colored scale at 
the right-hand side; dark colored regions standing for the most probable formations of 
molecular junctions.  
As seen from the conductance histogram in Figure 5.11a constructed for pure toluene, two 
distinct sets of conductance traces were observed around 10
-1
 G0 with a small displacement 
and from 10
-3
 G0 to 10
-5
 G0 with a larger displacement of electrodes. The former highly 
conductive set indicates the rupture of gold electrodes with the formation of single-atom 
contact followed by the tunneling which was clearly observed by the sharp decrease in 
conductance just after 1G0, as expected. In short, the junction sweep opens, then stabilizes 
and shows tunneling through solvent molecules. The observed conductance traces of about 
10
-4
 G0, on the other hand, may be attributed to ill-defined trapping of pure solvent 
molecules in between gold electrodes. Additionally, these traces may be belonging to the 
tunneling of solvent molecules at longer distances. After the characterization of toluene as 
solvent, the experimental set-up was used to measure the conductance traces of the toluene 
solution of in-situ de-protected P2-SAc. According to the conductance histogram presented 
in Figure 5.11b, a highly conductive region around 10
-1
 G0 was observed with small 
  
105 
 
displacements, similarly to the case of pure toluene corresponding to the formation of gold 
atomic bridges. Unlike the pure toluene, a new triangular shaped conductance area starting 
from the point corresponding to the conductance between 10
-2
 G0 and 10
-3
 G0 at small 
displacements and the conductance of 10
-4
 G0 at large displacements is clearly detected 
(Figure 5.11b).  Because such conductance area is observed only in the sample of the 
oligomer solution and not in the blank toluene, it is logical to attribute it to the conductivity 
of the oligomer molecules. It can be also suggested that its relatively large size is due to a 
molecular size distribution inherent to the investigation of oligomer sample: while the 
conductance traces in the 10
-2
 G0 - 10
-3
 G0 range may be ascribed to the less abundant 
oligomer fraction with shorter chain lengths, the large spread plateaus of conductance 
values around 10
-4
-10
-5
 G0 with larger displacements is attributed to the major fraction of 
longer oligomer chains.  
 
Figure 5. 11 Two-dimensional conductance histograms of (a) only toluene as control experiments 
and (b) P2-SAc (DP:10, n~11) upon treatment with NH4OH in toluene obtained by mechanically 
controllable break junctions 
Indeed, although the oligomer P2-SAc has a relatively narrow dispersity (Ð=1.07), it is 
relatively large compared to the monodisperse small-molecule samples described in the 
literature. Our assignment corroborates with the fact that smaller conductive bridges 
(formed at smaller displacements) possess much higher conductance than the longer 
bridges. 
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It gets challenging to define the exact molecular configuration and binding geometries of 
attached molecules between nanogaps even when small molecules are targeted, as 
explained in Figure 1.23 in part 1.4.4. Therefore, it would be extremely optimistic to 
identify the variation in conductance traces is belonging only to the variations in chain 
lengths. Yet, some possibilities for the variations in this region of conductance histograms 
can be asserted. The composition of the trans-protected oligomer can be also in charge of 
these changes since it consists of longer chains with mono- and di-functionalized 
segments, as well as shorter chains linked with disulfide bridges (⧮ and ⧰ in Figure 5.4) as 
characterized from MALDI-TOF data in Figure 5.4. Thus, the presence of conductance 
traces around 10
-2
 G0 to 10
-3
 G0 with shorter electrode displacements may be also attributed 
to the binding to one end through a disulfide linkage and the other end possibly with 
thiolate/thiophene species. The binding possibility of mono-thiolated products to the other 
gold electrode through free-thiophene ends may cause some of the conductance traces as 
well. 
 
Figure 5. 12 2-D current-voltage traces of P2-SAc upon treatment with NH4OH in toluene  
To exclude any contributions on conductance traces resulting from mono-functionalized 
chains of P2-SAc, the conductance of mono-end functionalized trans-protected product 
P1-SAc can also be recorded as control experiment just as the case of toluene. By means of 
this control measurement, the resulting I-V curves shown in Figure 5.12 would also 
become more meaningful. I-V curves were recorded while the voltage was swept from -0.8 
V to 0.8 V. From a set of I-V curves (280 curves of IV-sweep) a range of conductance 
traces obtained during the opening/closing cycle, these I-V histograms for toluene 
molecules and toluene solution of the trans-protected P2-SAc mixed with in-situ de-
protecting agent NH4OH were constructed. As clearly observed from Figure A.37a, pure 
toluene does not show any I-V traces, whereas the oligomer P2-SAc showed several 
different characteristic current-voltage traces (Figure 5.12). I-V traces show nonlinear 
behavior indicating both the conducting behavior and the non-affiliation of curves to the 
gold-gold contact, in which linear ohmic characteristics are presented. Oligomers, which 
bind from one side only through S-linkage, may be expected to present asymmetrical I-V 
curves compared to binding from both sides. Yet, these distinct variations in I-V traces are 
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still in question. The exact case in the identification of possible contributions on 
conductance and I-V traces is expected to be enlightened by the ongoing measurements by 
PD Dr. Artur Erbe group in HZDR. Furthermore, the conductance measurements of 
oligomers with charge transfer groups aforementioned in chapter 4 and oligomers after 
additional purification steps to get rid of mono-end functionalized segments (as described 
in chapter 7.3.5) have been planned to gain a deep insight into the transport properties of 
oligothiophenes within gold junctions.  
5.6. Electrical Contacting of Oligomer-attached DNA Origami-Based Au Nanowires 
Nanowires, nanotubes, and nanorods as examples of one-dimensional (1D) nanostructures 
have attracted considerable attention due to their unique properties owing to their 
nanoscale dimensions, which makes them versatile building blocks for potential 
applications in materials science, nanoelectronics and bionanotechnology.
213
 Specifically, 
metallic nanowires have broad interest due to their usage as interconnects in fabricating 
nanoelectronic devices.
214
 DNA origami method, similarly, has shown great promise for 
the further developments in the next generation nanoelectronics. Particularly with using 
DNA origami nanostructures as scaffolds in this method, the positioning of metallic 
nanoparticles can be precisely controlled down to few nanometer resolutions, thus, 
enabling the fabrication of complex DNA origami-based metallic nanowires.
215
  
 
Figure 5. 13 Structure of P2-SAc (DP:16, n~16, Ð=1.08) with 7 nm S-S distance according to 
ChemBio3D (a), SEM image of 300 nm long AuNPs decorated DNA origami nanotube with 
observable EBL gold contacts (b), zoom image of Au nanowire (c) and SEM image of P2-SAc 
drop-casted DNA Origami-based Au nanowires (d) 
In this method, gold nanowires were fabricated using DNA origami nanotube as a template 
to achieve selective electrical contacts. Recently, Teschome et al. developed a method for 
contacting individual nanowires by using electron beam lithography (EBL) and measured 
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the electrical conductance of the metalized nanowires at various temperatures from room 
temperature down to 4.2 K. The measured resistance values of nanowires change from MΩ 
to GΩ regimes. In addition, the variable temperature measurements (4.2 to 300 K) 
performed on both nanowires show that the electrical conductance of the nanowires 
decreases with temperature, which contradicts with the purely metallic behavior.
216
 
Further, the conductive behavior can be enhanced by either the improvements in the 
metallization process or the addition of conductive materials inside the grown AuNPs, 
which can be used for the developments in novel electronic devices with new 
functionalities.  
 
Figure 5. 14 Current-voltage characteristics of DNA Origami-based Au Nanowire (DOW) itself 
(■), with the addition of conductive wire P2-SAc (▲) and right after rinsing with toluene (♦)  
In this study, the already trans-protected longer P2-SAc conductive oligomer (Figure 
5.13a) was used for the attachment on DNA origami-based Au nanowire template via drop-
casting. We hereby introduce a new methodology to decrease the resistance of DNA 
origami templated metallic wires by the addition of conductive oligomer by keeping 
temperature stable at RT; where first gold nanoparticles are grown selectively on binding 
sites of DNA origami nanotubes, then are fused each other to create nanowires on the DNA 
template with 7-8 nm gaps between neighboring AuNPs and in the end are treated with 
oligomer solution, P2-SAc. As analyzed from the preliminary measurements of I-V 
characteristics in Figure 5.14, the conductance was observed to be enhanced by the 
addition of oligomer even after the rinsing procedure was applied with pure toluene to 
remove free oligomer residues. This strongly indicates the binding/fitting of oligomer from 
functionalized SAc ends within the gaps between AuNPs and the interactions between Au 
wire and thiophene-rich backbone may result in continuous & facilitated charge transport. 
5.7. Summary 
This chapter describes the de-protection of 
t
Bu or TMSE-protected thiol-based oligomers 
(PX: P1 to P5) for their application as molecular wires. Particularly, it investigates trans-
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protection of PX, S
t
Bu or TMSE into thioacetates (PX-SAc) followed by their in-situ de-
protection to form thiolates (PX-S
2-
). The trans-protection of 
t
Bu and TMSE groups into 
Ac-S was attempted by several cleaving agents in various reaction conditions by using 
AcCl as a trapping agent. BBr3 cleavage for 
t
Bu groups and AgBF4 cleavage for TMSE 
groups resulted in the efficient conversion of respective groups into Ac-S, and these 
conversions were comprehensively evidenced by the structural elaboration with 
1
H-NMR 
MALDI-TOF methods. The final de-protection step, i.e., the formation of thiolates, was 
firstly optimized with respective small-molecules, e.g., Ac-S-protected 31 and TMSE-
protected 7. These de-protection processes were monitored by UV-visible spectroscopy. It 
was further found that respectively-protected oligomers upon the de-protection behave 
similarly to the small-molecule models.  
Prior the investigation of binding ability and conductivity of “single oligomer molecules” 
by using MCBJ technique, they were firstly examined at a thin film level. To this end, 
differently protected oligomers were adsorbed onto crystalline gold substrates and 
investigated by XPS. It was particularly found that thiol bond signals exist both for 
adsorbed thioacetates and thiolates but they differ in terms of the intensity of S2p peaks 
(162.0-163.0 eV and 161.0-162.1 eV, respectively). These data were interpreted in terms of 
different orientations of the adsorbed molecules. A “brush-like” regime of perpendicularly 
adsorbed oligomers was observed only for fully de-protected thiolates whereas thioacetates 
adsorb into a more flat fashion. The conductance through oligomer backbone was 
preliminarily studied by means of MCBJ technique. It was found that the molecular weight 
distribution and the composition of oligomer samples strongly affect the single-molecule 
conductance traces as well as the electrode displacements. The existence of large spread 
conductance traces around 10
-4 
G0 with a larger electrode displacement indicates the 
assembly of longer oligomer chains somehow within junctions as well as the lower 
conductance than that of shorter backbones, observed around 10
-2 
G0. Moreover, these 
differences observed in conductance plateaus may have resulted from different binding 
positions of oligomers to Au electrode as well. The identification of conductance and I-V 
traces upon the oligomer-gold junction formed still remain indecisive but the ongoing 
studies are believed to crystallize the observed situation. In addition to single-molecule 
conductance studies via MCBJs, the effect of oligomer on the conductance of DNA 
origami-based gold nanowire was studied. The preliminary results for I-V characteristics 
showed that the conductance of individually contacted gold nanowire metallized on DNA 
origami nanostructures was enhanced by the addition of bis-thioacetate functionalized 
oligomer on gold nanowire. This decrease in resistance may strongly rely on the presence 
of binding between oligo(3-hexylthiophene) backbone and Au nanoparticles, which are 
placed on DNA-origami template to form a continuous nanowire during metallization. 
This chapter, in brief, suggests that the obtained end-functionalized oligomers present a 
feasible and developable toolbox for the use as molecular alligator clips to relate chemical 
structure with charge transport properties. 
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6. Conclusions and Outlook 
This thesis was aspired to develop a KCTP-based route for the synthesis of oligo(3-
hexylthiophene)s for their use as molecular electronic devices. In this regard, bis-end 
functionalized oligo(3-hexylthiophene)s having controllable molecular weight, narrow 
molecular weight distributions and variable chemical structures were targeted (Figure 6.1). 
For that purpose, 
t
Bu and TMSE protected arylthiol initiators were used to grow oligomer 
chains, which later on were terminated by the addition of ZnCl-functionalized, 
t
Bu or 
TMSE protected thiol species. After the extensive analysis of obtained products, the 
t
Bu-
protected arylthiol initiator was found to initiate polymerization with a higher efficiency 
than that of TMSE counterpart due to its superior stability under KCTP reaction 
conditions. Oligo(3-hexylthiophene) chains with similar end-groups were also synthesized 
by GRIM polymerization using same protected thiol species as termination agents. 
Obtained data demonstrated the much higher fidelity of the chain-initiation than that of the 
chain-termination process as well as the much enhanced structural properties (HT content, 
dispersities and the degree of end-group functionality) which highlight a clear advantage of 
KCTP compared to the GRIM polymerization for the synthesis of bis-functionalized 
conductive wires. Furthermore, KCTP offers an insight into the preparation of 
asymmetrically-functionalized oligo(3-hexylthiophene)s. 
 
Figure 6. 1 Chapter 3 describes the attempts for bis-end functionalization by KCTP-based 
synthetic method resulted in oligo(3-hexylthiophene)s with controllable molecular lengths, with 
highly π-conjugated precise chemical structures, and with well-defined thiol-functionalized 
starting/end anchoring groups  
In this context, in chapter 4, the electronic function of oligomers was further modified and 
more sophisticated structures were prepared by the insertion of specific charge-transfer 
(DMA-TCBD and Fc-TCBD) end- or side- groups. End-functionalized oligo(3-
hexylthiophene)s were synthesized by the in-situ termination of KCTP with ZnCl-
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functionalized donor species with the efficiency of up to 70%, followed by Diederich-type 
click reaction. Side-chain-modified oligomers, on the other hand, were prepared from the 
respective un-functionalized ones by performing a polymer-analogous post-transformation 
which consists of bromination, Stille coupling followed by Diederich-type click reaction. 
 
Figure 6. 2 in-situ/post-modification methodologies to incorporate redox active functionalities 
along/on oligomer chains as pendant/end groups resulted in lowering of LUMO levels 
This post-polymerization modification method enables regulating the number of the redox-
active groups along the oligomer backbone and, therefore, a fine-tuning of optoelectronic 
properties of the oligomers, particularly lowering their LUMO levels (Figure 6.2). This 
insertion of charge-transfer groups along oligomer backbones presents an efficient tool for 
the alignment of energetic levels of the wires with the work functions of electrodes and 
regulation injection of charges into the wires. Furthermore, the in-situ terminated oligomer 
wires having starting and end-groups of different kinds open new opportunities for 
applications in molecular electronics. In this case, one can benefit not only from the 
selective binding of the molecular wire to electrodes made of different metals (to achieve 
site-specific positioning of the wires) but also from different charge-injection properties of 
the end- versus starting-groups providing a rectification effect. 
In chapter 5, as a prerequisite for binding to an electrode, de-protection studies were 
successfully performed to enable the formation of alligator clips. For this purpose, 
conversions into both thioacetates and thiolates were extensively characterized by several 
techniques. The gold binding was performed first via self-assembly techniques and then 
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examined by XPS. The adsorption of thiolates and thioacetates onto gold surface was 
distinguished by the apparent difference in the Au-thiolate S2p binding energies. Hence, 
only thiolates were found to be adsorbed as perpendicularly when compared thioacetates.  
 
Figure 6. 3 Another criteria for a molecular wire, the formation of alligator clips, obtained products 
with well-defined anchoring groups are assessed in terms of de-protection techniques, the single-
molecule conductance studies with MCBJs and the attachments within electrically contacted DNA 
origami-templated Au nanowire 
Furthermore, single-oligomer conductance traces were measured by Mechanically 
Controllable Break Junctions. It was shown that the arising conductance plateaus between 
10
-2 
G0 to 10
-5
 G0 prove the connection between nanogap electrodes as well as promote the 
effect of molecular weight distributions and oligomeric composition on conductance 
traces. The problems due to the difficulty in identification of traces in terms of oligomer 
composition are aimed to be overcome by the ongoing and future planned studies. Besides, 
individual electrical contacting of oligomer-coated DNA-templated gold nanowires was 
observed to increase conductance owing to the contributions of oligothiophene skeleton 
and electron density on the charge transport. The chapter, in the end, suggests that the 
obtained end-functionalized oligomers can be further used as molecular alligator clips to 
extract a solid relationship between chemical structure and electronic properties by probing 
the charge transport properties. 
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From the point of above-mentioned results, the following features of oligo(3-
hexylthiophene)s for the use in single-molecule nanoelectronics were addressed within this 
thesis: 
(i) precisely defined highly π-conjugated chemical structures with specific 
functional groups located as both starting- and end- groups along oligomer 
backbone; thiolate-functionalized anchoring groups for robust coupling with 
gold electrode or charge-transfer groups for the formation of rectification effect 
through backbone 
(ii) controllable molecular lengths with a higher control on the polymerization 
method 
(iii) trackable chemical structures by several characterization techniques upon the 
addition of specific groups with in-situ/post-modification methodologies 
incorporated to the KCTP-based synthetic toolbox 
(iv) tunable optoelectronic properties by the insertion of charge transfer groups for 
the fine adjustment of energy levels in regard to the work function of gold 
(v) convertible thiolate-functionalized anchoring groups into milder counterparts 
for the in-situ conductance measurements as well as the distinguishable self-
assembly of oligomers 
In brief, the results obtained within this thesis paves the way for bis-end functionalized 
oligo(3-hexylthiophene)s synthesized with a KCTP-based synthetic toolbox for the use as 
oligomer wires. Hence, this toolbox provides the high control over molecular backbone as 
well as the electrode-molecule interface. Although the existence of the mono/di-end 
functionalized chains together after KCTP limits the exact denotation as a molecular wire, 
KCTP as a synthetic toolbox for oligo(3-hexylthiophenes) still remains promising due to 
its controlled nature and facile purification which also enables the separation of mono/di-
end functionalized chains. 
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III. Experimental Part 
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7. Synthesis of oligomers: Materials and Methods 
7.1.  Materials 
All reactions were carried out under argon atmosphere unless otherwise mentioned. All 
reagents and solvents were used without further purifications. Catalysts and air-reactive 
species were stored and used under inert atmosphere in the glove box. 2.0 M i-PrMgCl 
solution in THF, 2.5 M 
n
BuLi solution in hexane, ZnCl2, and all catalysts (Ni(dppe)Cl2 / 
Ni(dppp)Cl2 / Pd(PPh3)2Cl2 / Pd(PPh3)4) were stored and used in glove box. BBr3 (1.0 M in 
CH2Cl2), AcCl (1.0 M in CH2Cl2), TBAF (1.0 M in THF), additionally above-mentioned i-
PrMgCl and 
n
BuLi, were purchased as solutions and used without further dilutions. 
Table 7. 1 List of chemicals/materials and suppliers 
Chemical / Material Supplier 
[1,2-Bis(diphenylphosphino)ethane]dichloronickel(II) Aldrich 
[1,3-Bis(diphenylphosphino)propane]dichloronickel(II), ≥ 97% Sigma-Aldrich 
2-Bromo-5-fluorotoluene, 98% Aldrich 
2-Chloro-2-methylpropane, puriss.p.a., ≥ 99%(GC) Fluka/Sigma-Adrich 
3-Bromothiophene,97% Aldrich 
3-Hexylthiophene, ≥ 99% Aldrich 
3-Methylbenzenethiol, 95% Aldrich 
3-Thienylboronic acid, ≥ 95% Aldrich 
4-Bromo-3-methylbenzenesulfonylchloride, 97% Aldrich 
4-Bromothiophenol, 95% Acros 
4-Iodoaniline, 98% Aldrich 
Acetic acid (glacial), 100%  Merck 
Acetyl chloride solution, 1M in methylene chloride Aldrich 
Acetylferrocene, 95% Aldrich 
Aluminum chloride, anhydrous, crystallized, ≥ 99%  Fluka/Sigma-Aldrich 
Ammonium chloride, for analysis Merck 
Ammonium hydroxide solution (28% NH3 in H2O) Acros 
Bis(triphenylphophine)palladium(II) dichloride, ≥ 99%  Aldrich 
Boron tribromide solution, 1.0 M in methylene chloride Aldrich 
Bromine, reagent grade Sigma-Aldrich 
Copper(I)iodide, purum, ≥ 99.5% Sigma-Aldrich 
Diethylchlorophosphate, 97% Aldrich 
Di-tert-butylperoxide, 99% Acros 
Ethynyltrimethylsilane, 98% Aldrich 
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Table 7.1 (cont.)  
Chemical / Material Supplier 
Ferrocene, 98% Aldrich 
Iodine, ≥ 98% TCI Europe N.V. 
Iodobenzenediacetate, >97% TCI Europe N.V. 
Iodomethane, purum, ≥ 99%  Sigma-Aldrich 
Isopropylmagnesium chloride, 2.0 M solution in THF Acros 
m-Toluenethiol, >98% TCI Europe N.V. 
Magnesium sulfate, puris,p.a., anhydrous, ≥ 98%, powder Sigma-Aldrich 
n-Butyllithium solution, 2.5 M in hexanes Aldrich 
N-Bromosuccinimide, purum, ≥ 95% Sigma-Aldrich 
N-Iodosuccunimide, 95% Aldrich 
Potassium carbonate, puris, p.a., anhydrous, ≥ 99% Sigma-Aldrich 
Potassium hydroxide Sigma-Aldrich 
Sand, 50-70 mesh particle size, quartz, white sand,SiO2 Sigma-Aldrich 
Silica gel, high purity grade, pore size 60 Å, 70-230 mesh Sigma-Aldrich 
Silver tetrafluoroborate, >98% TCI Europe N.V. 
Sodium 2-methyl-2-propanethiolate, technical grade 90% Aldrich 
Sodium borohydride, anhydrous, ≥ 99% Fluka 
Sodium chloride, puris, p.a., ACS reagent, ≥ 99.8% Sigma-Aldrich 
Sodium hydrogencarbonate, 99.5% for analysis Acros 
Sodium hydroxide, puris,p.a., ACS reagent, pellet Sigma-Aldrich 
Sodium thiosulfate pentahydrate, 99+%, extra pure Acros 
tert-Dodecylmercaptan, 98.5% Aldrich 
Tetrabutylammonium fluoride solution, 1.0 M in THF Aldrich 
Tetrabutylammonium hexafluorophosphate Fluka 
Tetrachloroauric(III)acid trihydrate, ACS reagent Acros 
Tetracyanoethylene, 98% Aldrich 
Tetraethylammonium hydroxide solution (35wt. % in H2O) Sigma-Aldrich 
Tetrakis(triphenylphosphine)palladium(0), 99% Aldrich 
Tributyltin chloride, 96% Aldrich 
Triethylamine, ≥ 99% Sigma-Aldrich 
(Triisopropylsilyl)acetylene, 97% Aldrich 
Vinyltrimethylsilane, >97% Acros 
Zinc chloride, anhydrous, powder, ≥ 99.995% Fluka 
1,2-Dichlorobenzene, anhydrous, 99% Sigma-Aldrich 
1,2-Dichloroethane, anhydrous 99.8% Sigma-Aldrich 
Acetonitrile, anhydrous Sigma-Aldrich 
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Table 7.1 (cont.)  
Chemical / Material Supplier 
Methylene chloride, 99.8%, extra dry, over molecular sieves Acros 
Diisopropylamine, purified by redistillation, 99.95% Sigma-Aldrich 
Hexane, anhydrous, 95% Sigma-Aldrich 
N, N-dimethylformamide, anhydrous, 99.8% Sigma-Aldrich 
Tetrahydrofuran, 99.5%, extra dry, over molecular sieves Acros 
Toluene, anhydrous, 99.8%, over molecular sieves Sigma-Aldrich 
Glass slides  Thermo Scientific 
Gold on Si (30 nm gold-coated Si wafer with a 9 nm Ti adhesion 
layer) 
 
 
7.2. Characterization Methods 
7.2.1. Size Exclusion Chromatography 
Size exclusion chromatography (SEC) measurements were recorded using chloroform as 
eluent at the flow rate of 1 mL/min for 1mg/ml polymer solutions on an Agilent 1260 
Infinity Series (Agilent, USA), equipped with refractive index detector and Resipore/PL 
gel 5 µm Mixed-C main column. All samples were filtered through 0.20 µm PTFE syringe 
filters before measurements. Number average molecular weights (Mn), weight average 
molecular weights (Mw) and dispersity indexes (ᴆ-DI) were determined by the calibration 
with polystyrene standards. 
7.2.2. Nuclear Magnetic Resonance Spectroscopy 
Nuclear Magnetic Resonance (NMR) measurements were conducted for 
1
H and 
13
C nuclei. 
1
H (500.1 MHz) and 
13
C (125.8 MHz) NMR spectra were recorded on a Bruker Biospin 
Avance III spectrometer using a 5 mm probe. Chemical shifts were reported in ppm 
downfield from SiMe4 and internally referenced with the solvent`s residual signal, CDCl3; 
δ (1H)=7.27 ppm, δ (13C)=77.0 ppm. 
In addition to 
1
H and 
13
C 1D-NMR experiments, precise chemical structures of polymers 
were determined by the appearance/absence of correlation and neighboring peaks in 2D-
NMR experiments such as NOESY (
1
H-
1
H), COSY (
1
H-
1
H); the detailed 2D-NMR spectra 
for the products of post-polymerization modification in chapter 4.3 can be found in 
appendix part. 
7.2.3. Matrix-assisted laser desorption ionization-time-of-flight Spectroscopy 
Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) spectra were 
recorded on Autoflex Speed TOF/ TOF System (Bruker Daltonics GmbH): The 
measurements were carried out in reflector mode and positive polarity by pulsed smart 
beam laser (modified Nd:YAG laser).  The ion acceleration voltage was set to 20 kV. For 
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the sample preparation, the polymers were mixed with trans-2-(3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene) malononitrile (DCTB) as the sample matrix both dissolved in 
THF. The preparation was done with the addition of sodium trifluoroacetate (NaTFAc) as 
cationized salt. 
7.2.4. UV-Vis Spectroscopy 
Absorption spectra were recorded with a Specord 40 (Analytikjena) UV/visible 
spectrometer; solution absorbance measurements were carried out in 1 cm quartz cuvettes 
with dry CH2Cl2 or THF while thin film absorbances were measured from the films 
prepared via drop casting from CH2Cl2 solution on glass substrates.  
Optical band gaps are calculated from the converted Planck`s equation, Egap = h*c/λonset, 
where h is Planck constant (6.626x10
-34
 J.s), c is the speed of light (3.0x10
8
 m/s) and λonset 
(nm), the onset of absorption peak maxima of thin film absorbance spectra. The equation is 
arranged in terms of eV and nm; Egap (eV) = 1241 (eV. nm) /λonset (nm) using the 
conversion factor 1J = 6.242x10
18
 eV, which simply represents the energy difference 
between the valence band and the conduction band or the material upon optical excitation 
of an electron, as shown in detail (Figure 7.1).
 
 
Figure 7. 1 Representative absorption spectrum of P2 for the determination of onset wavelength 
and the calculation of optical band energy difference 
7.2.5. Fluorescence Spectroscopy 
Photoluminescence spectra were measured with Fluorolog 3 (Horiba Jobin Yvon, USA) 
using 0.02 mg/ml polymer solutions in anhydrous THF with 4 mm cuvette. 
7.2.6. Cyclic Voltammetry 
Cyclic voltammetry experiments were performed with an Ivium-n-Stat potentiostat in a 
three electrode single-compartment cell with a platinum (Pt) disc working electrode, a 
platinum wire counter electrode and silver/silver chloride (Ag/AgCl) reference electrode. 
Films of the oligo(3-hexylthiophene) wires were deposited onto the Pt working electrode 
by drop-casting from dichloromethane solution (2mg/ml). Cyclic voltammograms of the 
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oligomers on Pt working electrode were measured in anhydrous acetonitrile containing 0.1 
M tetrabutylammonium hexafluorophosphate (TBAPF6) under nitrogen atmosphere, at a 
speed of 50 mVs
-1
 unless mentioned otherwise. All oxidation & reduction potentials were 
referenced against the half-wave potential of ferrocene/ferrocenium (Fc/Fc
+
) redox couple.
 
HOMO-LUMO levels were calculated by setting Fc/Fc
+
vac at -5.1 eV vs. vacuum and onset 
potentials were determined from the first reversible oxidation/reduction waves. Then, the 
electronic band gap was determined by the subtracting HOMO and LUMO levels as 
mentioned in Chapter 1.4.3. 
7.2.7. X-ray Photoelectron Spectroscopy 
X-Ray photoelectron spectroscopy (XPS) measurements were performed on an Omicron 
Multiprobe spectrometer using monochromatic Al K X-ray source (1486.6 eV) with a 
takeoff angle of α 450. MultiPak was used to fit the recorded data for C1s, S2p and Au4f 
regions. Spectra were fitted by Gauss-Lorentz functions with a Shirley background 
correction. 
7.3. Synthetic Approach 
7.3.1. Synthesis of precursor molecules 
7.3.1.1. Synthesis of initiator precursors 
R1:   (4-bromo-3-methylphenyl)(tert-butyl)sulfane [2]  
Route I 
203,217
 
 
3-methylbenzenethiol (2.0 g, 16.1 mmol) and 12.3 ml 2-chloro-2-methylpropane (0.113 
mol) were taken to a 50 ml reaction flask and 0.8 mmol aluminum chloride was added in 
small portions during 30 min at room temperature followed by the change in color from 
colorless to yellow. The reaction mixture was stirred at room temperature for 2 more hrs 
till color turned to pink, then the reaction was slowly hydrolyzed along with the release of 
HCl as fume. The mixture is diluted with CHCl3 and extracted with water several times. 
After drying over MgSO4 and evaporation of the solvent obtained colorless viscous oil [1] 
was used for next steps without further purification (2.78 g, 95.7 %).  
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm):7.38 (s, 1H, Ar-H), 7.35 (d, J=7.3 Hz, 1H, 
Ar-H), 7.22 (t, J=7.3x(2), 1H, Ar-H), 7.19 (d, J=7.6 Hz, 1H, Ar-H) 2.37 (s, 3H, Ar-CH3), 
1.31 (s, 9H, -SC(CH3)3); 
13
C NMR (125.8 MHz; CDCl3; Me4Si) δ (ppm): 138.09 (C
q
, Ar-
CH3), 138.04 (C
t
), 134.40 (C
t
), 132.42 (C
q
, Ar-S), 129.40 (C
t
), 128.19 (C
t
), 45.63 (-
SC(CH3)3), 30.99 (-SC(CH3)3), 21.21 (Ar-CH3). 
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To the solution of 1 (13.9 mmol) of acetic acid (15 ml), Br2 (23.3 mmol, 1.2 ml) was added 
dropwise at 0 
0
C. After addition completed, the reaction mixture stayed at room 
temperature for overnight. The reaction was quenched with Na2S2O3 to get rid of residual 
bromine, later then it was extracted with CH2Cl2 and water. After drying and later removal 
of the solvent, a mixture of desired product with its tert-butyl damaged (de-protected) side 
products was obtained. Therefore, the first procedure (protection of thiol for compound 
[1]) was applied once more. Column chromatography with Hexane and CH2Cl2 (20:1) 
(Rf=0.54) gave the desired product, 2 as colorless oil in relatively low yields. 
Route II 
203,218
 
 
4-Bromo-3-methylbenzenesulfonyl chloride (1.0 g, 3.71 mmol) was dissolved in 20 ml 
anhydrous THF and NaBH4 (1.4 g, 0.037 mol) was added in small portions at room 
temperature. After addition completed, it was stirred 10 more minutes at that temperature. 
The reaction mixture was heated at reflux overnight. After cooling to room temperature, 
the reaction mixture was diluted with ethyl acetate and extracted with 5M HCl, water and 
brine solution respectively. The organic phase was dried over MgSO4 and evaporated to 
give crude thiol [3] (32 %). 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm):7.46 (d, J=8.2 Hz, 1H, Ar-H), 7.34 (d, J=1.9 
Hz, 1H, Ar-H), 7.17 (dd, J=8.2,2.0 Hz,1H, Ar-H), 3.87 (s, 1H, -SH), 2.37 (s, 3H, Ar-CH3). 
The thiol product was immediately taken to a 50 ml reaction flask and 5 ml 2-chloro-2-
methylpropane was added. AlCl3 (0.2 mmol) was added in small portions over 30 min and 
it was stirred till reaction color changed from slurry white to first pink, then orange. Then 
distilled water was added slowly to quench reaction mixture. The organic phase was 
separated by adding dichloromethane and extracted with an excessive amount of water. 
After drying over MgSO4 and evaporation of the solvent, the colorless residue was 
obtained as final product in relatively low yields (overall yield for 2 steps was ~28 %). 
Route III 
219
 
 
2-Bromo-5-fluorotoluene (1.0 g, 5.3 mmol) and sodium 2-methyl-2-propanethiolate (0.89 
g, 7.9 mmol) were mixed in anhydrous dimethylformamide (40 ml) and refluxed for 4 hrs 
until the complete consumption of fluoroprecursor was detected with TLC. After cooling 
room temperature, water was added to reaction mixture and extracted with diethylether. 
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Organic layers were dried over MgSO4 and evaporated. The desired product [2] was 
obtained after further purification with column chromatography (silica; eluent= hexane: 
CH2Cl2 (20:1)) as colorless oil in 47 % yield (0.65 g). 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm):7.48 (d, J=8.2 Hz, 1H, Ar-H), 7.40 (d, J=1.9 
Hz,1H, Ar-H), 7.21 (dd, J=7.9,1.9 Hz,1H, Ar-H), 2.40 (s, 3H, Ar-CH3), 1.29 (s, 9H, -
SC(CH3)3); 
13
C NMR (125.8 MHz; CDCl3; Me4Si) δ (ppm): 139.46 (C
t
), 138.02 (C
q
, Ar-
CH3),136.04 (C
t
), 132.27 (C
t
),131.86 (C
q
, Ar-S),125.90 (C
q
, Ar-Br),45.91 (-SC(CH3)3), 
30.92 (-SC(CH3)3), 22.77 (Ar-CH3). 
R3:   (2-((4-bromo-3-methylphenyl)thio)ethyl)trimethylsilane [5] 
217,220
 
 
3-methylbenzenethiol (5.0 g, 40 mmol) and vinyltrimethylsilane (6.8 ml, 46.3 mmol) were 
mixed in a 50 ml reaction flask; then di-tert-butyl peroxide (1.10 ml, 6.0 mmol) was added 
as radical initiator. The reaction mixture was heated around 105 
0
C for overnight. After 
overnight stirring, the light yellow reaction mixture was diluted with 100 ml hexane and 
extracted with 10 % (v/v) NaOH(aq) and brine solutions, respectively. The separated 
organic phase was taken, dried over MgSO4 and evaporated to obtain compound, trimethyl 
(2-(m-tolylthio) ethyl)silane [4], as light yellow liquid in 98 % yield (8.86 g). 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm):7.21 (t, J=7.9x(2)Hz, 1H, Ar-H), 7.17 (s,1H, 
Ar-H), 7.15 (d, J=8.2 Hz, 1H, Ar-H), 7.01 (d, J=7.3 Hz, 1H, Ar-H), 2.99 (m,2H,-SCH2-), 
2.36 (s,3H, Ar-CH3), 0.98 (m, 2H,-CH2Si(CH3)3), 0.09 (s, 9H,-CH2Si(CH3)3). 
To the solution of 4 (5.0 g, 22.3 mmol) in acetic acid (25 ml), Br2 (24.5 mmol, 1.25 ml) 
was added dropwise for 30 min at 0 
0
C. After addition completed, the reaction mixture 
stayed at room temperature for overnight. The yellow-green reaction mixture was 
quenched with Na2S2O3 to get rid of residual bromine, later then it was extracted with 
CH2Cl2 and water. After drying and later removal of the solvent, the product was further 
purified with column chromatography (eluent; hexane: CH2Cl2 (20:1) (Rf=0.57) to obtain 
desired product [5] as light yellow oil in 37% (2.5g). 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm):7.43 (d, J=8.2 Hz, 1H, Ar-H), 7.18 (d, J=2.2 
Hz,1H, Ar-H), 6.99 (dd, J=8.2,2.2 Hz, 1H, Ar-H), 2.95 (m, 2H,-SCH2-), 2.38 (s,3H, Ar-
CH3), 0.93 (m, 2H,-CH2Si(CH3)3), 0.06 (s, 9H,-CH2Si(CH3)3); 
13
C NMR (125.8 MHz; 
CDCl3; Me4Si) δ (ppm): 138.27 (C
q
, Ar-CH3), 136.39 (C
q
, Ar-S), 132.54 (C
t
), 131.17 (C
t
), 
127.77 (C
t
),  122.02 (C
q
, Ar-Br), 29.69 (-SCH2-), 22.83 (Ar-CH3), 16.86 (-CH2Si(CH3)3), -
1.78 (-CH2Si(CH3)3). 
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7.3.1.2. Synthesis of quencher precursors 
R2:   (4-bromophenyl)(tert-butyl)sulfane [6] 
203
 
 
2.05 g (10.58 mmol) 4-bromobenzenethiol was taken to a 50 ml reaction flask and 8 ml 2-
chloro-2-methylpropane was added. AlCl3 (0.6 mmol) was added in small portions over 30 
min and the reaction mixture was stirred till reaction color turned yellow from slurry white. 
Then it was quenched by distilled water with the release of HCl fumes. The organic phase 
was separated by adding chloroform and extracted with an excessive amount of water. 
After drying over MgSO4 and evaporation of the solvent, the yellow viscous residue was 
purified by flash column chromatography (silica; eluent= Hexane) as colorless oil in 97 % 
yield (2.57 g). 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.46 (d, J=8.2 Hz, 2H, Ar-H), 7.39 (d, J=8.2 
Hz,2H, Ar-H), 1.29 (s, 9H, -SC(CH3)3); 
13
C NMR (125.8 MHz; CDCl3; Me4Si) δ (ppm): 
138.84 (C
t
), 131.88 (C
q
, Ar-S), 131.59 (C
t
), 123.40 (C
q
, Ar-Br),46.03 (-SC(CH3)3), 30.86 (-
SC(CH3)3). 
R4:   (2-((4-bromophenyl)thio)ethyl)trimethylsilane [7] 
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5.0 g (26.4 mmol) 4-bromobenzenethiol and 3.0 g vinyltrimethylsilane (30.4 mmol) were 
mixed in a 50 ml reaction flask; then di-tert-butyl peroxide (0.73 ml, 3.97 mmol) was 
added as radical initiator. The reaction mixture was heated around 105 
0
C for overnight 
and around 60 
0
C; all components were dissolved to form a colorless mixture. After 
overnight stirring, the yellow reaction mixture was diluted with 100 ml hexane and 
extracted with 10 % (v/v) NaOH(aq) and brine solutions, respectively. The separated 
organic phase was taken, dried over MgSO4 and evaporated to give yellow liquid, which 
was further purified by column chromatography (silica; eluent= Hexane) as colorless oil in 
81 % yield (6.2 g). 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm):7.40 (d, J=8.5 Hz, 2H, Ar-H), 7.18 (d, J=8.5 
Hz,2H, Ar-H), 2.95 (m, 2H,-SCH2-), 0.94 (m, 2H,-CH2Si(CH3)3), 0.06 (s, 9H,-
CH2Si(CH3)3); 
13
C NMR (125.8 MHz; CDCl3; Me4Si) δ (ppm): 136.47 (C
q
, Ar-S), 131.76 
(C
t
), 130.39 (C
t
), 119.33 (C
q
, Ar-Br), 29.64 (-SCH2-), 16.74 (-CH2Si(CH3)3), -1.80 (-
CH2Si(CH3)3) 
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R5:  4-ethynyl-N, N-dimethylaniline [9] 
221
 
 
p-iodoaniline (10.0 g, 45.6 mmol) was mixed with 10.85 g K2CO3 in dimethylformamide 
(30 ml) under argon atmosphere. 9.4 ml iodomethane (0.151 mol) was added dropwise; the 
reaction mixture was stirred for 1 day at room temperature and quenched by pouring into 
cold water. The precipitate was filtered and dissolved in THF again. The undissolved 
particles were filtered through filter paper and the solvent was removed. After 
recrystallization from methanol, desired product, 4-iodo-N, N-dimethylaniline [8], was 
obtained as beige solid (4.5 g, 40%). 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm):7.47 (d, J=9.1 Hz, 2H, Ar-H), 6.50 (d, J=9.1 
Hz, 2H, Ar-H), 2.93 (s, 6H,-N(CH3)2). 
To a 50 ml flask under argon, 4-iodo-N, N-dimethylaniline (4.0 g, 16.19mmol), 
ethynyltrimethylsilane (3.90 ml, 27.5mmol), CuI (0.7 mol %) were added and dissolved in 
degassed 20 ml diisopropylamine. Pd(PPh3)4 (224 mg, 0.194mmol) was added and the 
reaction mixture was heated to 50 
0
C for 14 h. After cooling to room temperature, the 
mixture was added to water, extracted with Et2O, dried over MgSO4 and concentrated by 
evaporation. Purification by column chromatography (silica; eluent as Hexane: EtOAc 
(10:1)) gave the desired product N, N-dimethyl-4-((trimethylsilyl)ethynyl) aniline as light 
orange powder in 95 % yield (3.343 g). 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm):7.35 (d, J=9.1 Hz, 2H, Ar-H), 6.61 (d, J=9.1 
Hz, 2H, Ar-H), 2.98 (s, 6H,-N(CH3)2), 0.24 (s, 9H,-Si(CH3)3). 
Potassium hydroxide (30.76mmol) in H2O(5 ml) was added to a solution of N, N-dimethyl-
4-((trimethylsilyl)ethynyl)aniline (3.343 g, 15.38mmol) in 30 ml toluene and heated to 
reflux for 6 h. After then the solvent was removed, dissolved in Et2O and extracted with 
brine. Orange organic layer was dried over MgSO4 and concentrated by evaporation to 
give light orange powder [9] in 69% yield, 1.54 g. 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm):7.38 (d, J=8.8 Hz, 2H, Ar-H), 6.63 (d, J=8.8 
Hz, 2H, Ar-H), 2.99 (s, 6H,-N(CH3)2), 2.98 (s, 1H,-CCH);
 13
C NMR (125.8 MHz; CDCl3; 
Me4Si) δ (ppm): 150.37 (C
q
, Ar-N(CH3)2), 133.16 (C
t
, Ar), 111.67 (C
t
, Ar), 108.77 (C
q
, -
C≡C-Ar), 84.84 (HC≡C-Ar), 74.73 (HC≡C-Ar), 40.10 (-N(CH3)2) 
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R6:  Ethynylferrocene [10] 
222
 
 
Acetylferrocene (3.0 g, 13.15 mmol) in 10 ml anhydrous THF was stirred under argon 
atmosphere and cooled down to -78 
0
C. To this solution, freshly prepared 14.5 mmol, 12.8 
ml LDA solution in THF (5.8 ml nBuLi mixed with 2.0 ml DIPA in 5 ml THF) was added 
dropwise and stirred one more hour at this temperature. After 1 h, 13.81 mmol, 2.0 ml 
diethyl chlorophosphate was added and the temperature was kept at -78 
0
C during 
additional 1 h, after which reaction mixture was brought to room temperature. Afterward, 
an additional freshly prepared 30.3 mmol LDA solution in THF (12.1 ml nBuLi mixed 
with 4.2 ml DIPA in 10 ml THF) was added at -78 
0
C, the temperature of the reaction 
mixture was raised to room temperature and stirred for 30 more minutes. Then it was 
hydrolyzed with cold water at 0
0
C. The organic layer was extracted with CH2Cl2, dried 
over MgSO4, concentrated by evaporation and further purified by flash column 
chromatography using hexane as eluent to obtain product 10 as 2.66 g orange oil in 96 % 
yield. 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 4.50 (t, J=1.9 x(2) Hz, 2H, Fc-H), 4.25 (s, 
5H, Fc-H), 4.22 (t, J=1.9 x(2) Hz, 2H, Fc-H), 2.76 (s, 1H, Fc-CCH); UV-Vis (in CH2Cl2): 
λmax = 266 nm  
R7:  (4-((4-bromophenyl)ethynyl)phenyl)(tert-butyl)sulfane [12] 
 
 
To a round bottom flask under argon, (4-bromophenyl)(tert-butyl)sulfane [6] (3.0 g, 12.2 
mmol), (triisopropylsilyl)acetylene (5.6ml, 24.0 mmol), CuI (70 mg, 0.37 mmol) were 
added and dissolved in degassed mixture of THF (40 ml) and diisopropylamine (7 ml). 
Pd(PPh3)4 (420 mg, 0.36 mmol) was added. The reaction mixture was heated to 50 
0
C for 
overnight. After overnight stirring, the mixture was cooled down to room temperature and 
the solvent was evaporated. The residual catalyst after the reaction was removed by flash 
column with hexane and triisopropylsilylethyne substituted product, ((4-(tert-
butylthio)phenyl) ethynyl)triisopropylsilane was obtained as orange-brown solid. 
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1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.48 (d, J=8.5 Hz, 2H, Ar-H), 7.44 (d, J=8.5 
Hz, 2H, Ar-H), 1.30 (s, 9H, -SC(CH3)3), 1.15 (s, 21H,-Si((CH(CH3)2)3). 
In order to remove the triisopropylsilyl group, TBAF (1 M in THF) was added to the 
product in 15 ml THF at 0 
0
C. Reaction mixture stayed at 0 
0
C for an additional 1 hour 
before stirred at room temperature for 3 hours. After reaction completed, the mixture was 
filtered through a silica plug and washed with CH2Cl2 and evaporated. The product was 
further purified with column chromatography (silica; eluent= Hexane: CH2Cl2 (1:2)) to 
obtain tert-butyl(4-ethynylphenyl)sulfane [11] as yellow powder in 50 % yield over two 
subsequent reactions (1.18 g). 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.49 (d, J=8.2 Hz, 2H, Ar-H), 7.46 (d, J=8.5 
Hz, 2H, Ar-H), 3.15 (s, 1H,-C≡CH), 1.30 (s, 9H, -SC(CH3)3) 
1-Bromo-4-iodobenzene (1.76 g, 6.2 mmol) was added to the mixture of compound [20] 
(6.2 mmol) and CuI (125 mg, 0.66 mmol) in a degassed mixture of THF (30 ml) and DIPA 
(15 ml). The reaction mixture was stirred 14 hrs at room temperature after the addition of 
catalyst Pd(PPh3)4 (350 mg, 0.3 mmol). The mixture was poured into saturated NH4Cl 
solution and extracted with CH2Cl2, water and NaCl(aq), respectively. After drying over 
MgSO4 and the removal of the solvent, the residual orange-brown solid was purified by 
column chromatography (silica; eluent= Hexane: CH2Cl2 (4:1)) and then the product 
recrystallized with hexane to give (4-((4-bromophenyl)ethynyl)phenyl)(tert-butyl)sulfane 
[12] as white solid in 57 % yield (1.23 g). 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.52 (d, J=8.5 Hz, 2H, Ar-H), 7.50 (d, J=8.8 
Hz, 2H, Ar-H), 7.49 (d, J=8.5 Hz, 2H, Ar-H), 7.40 (d, J=8.8 Hz, 2H, Ar-H), 1.31 (s, 9H, -
SC(CH3)3); 
13
C NMR (125.8 MHz; CDCl3; Me4Si) δ (ppm): 137.22 (C
t
), 133.65 (C
q
, Ar-
S), 133.02 (C
t
), 131.67 (C
t
), 131.45 (C
t
), 123.27 (C
q
, Ar-Br), 122.70 (C
q
), 131.59 (C
t
), 
120.04 (C
q
), 89.97(C
q
, Ar-C≡C-Ar), 89.75 (Cq, Ar-C≡C-Ar), 46.51 (-SC(CH3)3), 31.00 (-
SC(CH3)3). 
7.3.1.3. Synthesis of precursors for side-chain functionalization 
N,N-dimethyl-4-((tributylstannyl)ethynyl)aniline [13] 
221a
 
 
nBuLi (2.5 M in hexane, 2.75 ml) was added dropwise to the THF (20 ml) solution of 4-
ethynyl-N,N-dimethylaniline (1.0 g, 6.89 mmol) at -78 
0
C under argon atmosphere. Then 
the reaction mixture was slowly warmed to room temperature, and cooled down to -78 
0
C 
before the addition of tributyltinchloride (1.87 ml). After the addition was completed, the 
reaction mixture was again warmed to room temperature slowly and stirred overnight at 
that temperature. Afterwards, the mixture was diluted with Et2O, extracted with brine, 
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dried over MgSO4 and concentrated by evaporation to obtain 2.69 g yellow oil [13] in 90% 
yield.  
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm):7.35 (d, J=9.1 Hz, 2H, Ar-H), 6.61 (d, J=9.1 
Hz, 2H, Ar-H), 2.96 (s, 6H,-N(CH3)2), 1.64 (m, 6H, -Sn(CH2CH2CH2CH3)3), 1.40 (sxt, 
J=7.3x(5) Hz, 6H, -Sn(CH2CH2CH2CH3)3), 1.06 (t, J=7.9x(2) Hz, 6H, -
Sn(CH2CH2CH2CH3)3), 0.95 (t, J=7.4x(2) Hz, 9H, -Sn(CH2CH2CH2CH3)3);
 13
C NMR 
(125.8 MHz; CDCl3; Me4Si) δ (ppm): 149.87 (C
q
, Ar-N(CH3)2), 132.99 (C
t
, Ar), 111.71 
(C
t
, Ar), 108.81 (C
q
, -C≡C-Ar), 89.51 (Bu3Sn-CC-Ar), 67.94 (Bu3Sn-CC-Ar), 40.22 (-
N(CH3)2), 28.90 (-Sn(CH2CH2CH2CH3)3), 26.97 (-Sn(CH2CH2CH2CH3)3), 13.66 (-
Sn(CH2CH2CH2CH3)3), 11.17 (-Sn(CH2CH2CH2CH3)3). 
Tributylstannylethynylferrocene [14] 
 
Similar procedure as the synthesis of N,N-dimethyl-4-((tributylstannyl)ethynyl) aniline 
was used for the stannylation of ethynyl ferrocene (1.41 g, 6.70 mmol) in the presence of 
nBuLi (2.8 ml, 7.03 mmol) and SnBu3Cl (1.91 ml, 7.03 mmol). The desired product 14 
was obtained as 3.3 g orange oil in 98 % yield.  
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 4.42 (t, J=1.9 x(2) Hz, 2H, Fc-H), 4.19 (s, 
5H, Fc-H), 4.15 (t, J=1.9 x(2) Hz, 2H, Fc-H), 2.76 (s, 1H, Fc-CCH), 1.64 (m, 6H, -
Sn(CH2CH2CH2CH3)3), 1.40 (dq, J=14.7, 7.3x(3) Hz,6H,-Sn(CH2CH2CH2CH3)3), 1.04 (t, 
J=8.2x(2) Hz, 6H, -Sn(CH2CH2CH2CH3)3), 0.96 (t, J=7.3x(2) Hz, 9H, -
Sn(CH2CH2CH2CH3)3); 
13
C NMR (125.8 MHz; CDCl3; Me4Si) δ (ppm): 88.89 (Bu3Sn-
CC-Ar), 82.55 (Bu3Sn-CC-Ar), 73.48 (Fc-C≡C-), 71.12 (Fc), 71.63 (Fc), 70.02 (Fc), 68.67 
(Fc), 68.28 (Fc), 28.93 (-Sn(CH2CH2CH2CH3)3), 26.95 (-Sn(CH2CH2CH2CH3)3), 13.68 (-
Sn(CH2CH2CH2CH3)3), 11.20 (-Sn(CH2CH2CH2CH3)3). 
7.3.1.4. Synthesis of monomer precursor 
2-bromo-3-hexyl-5-iodothiophene [16] 
96,102 
 
3-hexylthiophene (5.0 g, 29.7 mmol) in CHCl3-acetic acid (v/v [1:1]-100 ml) mixture was 
cooled down to 0 
0 
C. N-bromosuccinimide (29.7 mmol) was added to the reaction mixture 
portion by portion at 0
0 
C and left overnight stirring at room temperature. After quenching 
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with ice-water, the mixture was extracted with CHCl3, NaOH (1.0 M) solution, and water, 
respectively. The organic layer was dried over MgSO4 and evaporated, flash 
chromatography with hexane gave 2-bromo-3-hexylthiophene [15] as colorless liquid in 
86% yield (6.3 g).  
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm):7.19 (d, J=5.7 Hz, 1H, Th-H), 6.81 (d, J=5.7 
Hz,1H, Th-H), 2.59 (t, J=7.7x(2) Hz, 2H,ThCH2(CH2)4CH3), 1.61 (q, J=7.4x(4) Hz, 
2H,ThCH2CH2(CH2)3CH3), 1.36 (m, 6H, ThCH2CH2(CH2)3CH3), 0.92 (t, J=6.5x(2) Hz, 
3H,Th(CH2)5CH3); 
13
C NMR (125.8 MHz; CDCl3; Me4Si) δ (ppm): 141.88 (C
q
, Th-CH2), 
128.14 (C
t
, Th), 125.04 (C
t
, Th), 108.79 (C
q
, Th-Br), 31.61(-CH2-), 29.68 (-CH2-), 29.38 (-
CH2-), 28.88 (-CH2-), 22.59(-CH2-), 14.05(-CH3) 
Routes for the product 16 as follows; iodination of 2-bromo-3-hexylthiophene (5.0 g, 20.2 
mmol) was performed by the slow addition of N-iodosuccinimide ( 5.91 g, 26.3 mmol) in 
CHCl3-acetic acid (v/v [1:1] -100 ml) at 0 
0
C. After overnight stirring, the reaction was 
quenched by the ice-water mixture and was extracted with CHCl3, NaOH(aq) (1.0 M) and 
water, respectively. The organic layer was dried over MgSO4 and evaporated, flash 
chromatography with hexane gave 2-bromo-5-iodo-3-hexylthiophene [16] as light red 
liquid in 81% yield (6.1 g).  
As an alternative route;
7b
 2-bromo-3-hexylthiophene (5 g, 20.2 mmol) was iodinated from 
5`-position by the successive addition of iodine (2.82 g, 11.1 mmol) and iodobenzene 
diacetate (3.91 g, 12 mmol) in anhydrous CH2Cl2 at 0 
0
C. When addition completed, the 
mixture was stirred 8 hrs at room temperature. For the removal of excess iodine, 10% 
Na2S2O3(aq) was added. The mixture was extracted with Et2O and Na2S2O3(aq), respectively. 
After drying over MgSO4, it was evaporated by rotary evaporator till the solvent and the 
side product iodobenzene was removed successfully and the light red liquid was obtained 
in 84% yield (6.35 g). 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 6.98 (s, 1H, Th-H), 2.54 (t, J=7.6x(2) Hz, 
2H, ThCH2(CH2)4CH3), 1.55 (q, J=7.5x(4) Hz, 2H, ThCH2CH2(CH2)3CH3), 1.32 (m, 6H, 
ThCH2CH2(CH2)3CH3), 0.91 (t, J=6.1x(2) Hz, 3H, Th(CH2)5CH3);
13
C NMR (125.8 MHz, 
CDCl3) δ (ppm): 144.4 (C
q
, Th-CH2), 137.1(C
t
, Th), 111.6 (C
q
, Th-Br), 71.2 (C
q
, Th-I), 
31.70(-CH2-), 29.68 (-CH2-), 29.40 (-CH2-), 28.89 (-CH2-), 22.60 (-CH2-), 14.06 (-CH3) 
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7.3.2.  Polymerization Route 
7.3.2.1. Preparation of initiators 
 
Initiators, 17 and 18, were prepared in similar experimental conditions. The procedure for 
initiator 17 as follows:  nBuLi (2.5 M in hexane, 2.51 mmol, 1.0 ml) was added dropwise 
to a solution of (4-bromo-3-methylphenyl)(tert-butyl)sulfane  [2] (2.51 mmol, 0.65 g) in 
dry THF (10 ml) under argon atmosphere at  -78 
0
C with a change in color from colorless 
to yellow. The reaction mixture was allowed to react for 1 hr at this temperature. Then 
previously prepared solution of ZnCl2 (2.51 mmol, 342 mg) in dry THF (5 ml) was added 
to reaction mixture at -78 
0
C and then the immediate change in reaction color to pink was 
observed. The reaction mixture was stirred to reach room temperature. Afterward, 0.87 mg 
(1.65 mmol) of Ni(dppe)Cl2 dissolved in dry THF (32 ml) was added to already warm 
reaction mixture, followed by a change in color from pink to red-brownish color. The 
initiator mixture was stirred for additional 1 hr before used for polymerization. After the 
withdrawal of exact volumes from initiator mixture with respect to the desired initiator: 
monomer ratio in polymerization, the remaining solution was taken into the glove box. An 
excess amount of hexane was added to the remaining solution and the mixture was left in 
glovebox fridge (-20 
0
C) for overnight to settle initiator molecules. Thereafter, precipitated 
yellow-orange crystals [17] (0.921 g, 87 %) were separated from the solution via vacuum 
filtration in the glovebox and used further polymerizations.       
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7.3.2.2. Preparation of reactive quenchers 
 
Quenchers, 19, 20, 21, 22 and 23, were prepared in similar experimental conditions. As an 
example, the procedure for quencher 19 was given: (4-bromophenyl)(tert-butyl)sulfane  [6] 
(2.13 mmol, 0.52 g) and 10 ml dry THF was stirred in a round-bottom flask under argon 
atmosphere and the flask was cooled down to -78 
0
C. nBuLi (2.5 M in hexane, 2.13 mmol, 
0.85 ml) was added dropwise to the solution and the reaction was allowed to react for 
additional 1 hr at this temperature. Then a previously prepared solution of ZnCl2 (2.13 
mmol, 290 mg) in dry THF (4 ml) was added to the mixture at -78 
0
C. The reaction 
mixture was stirred to reach room temperature. Afterward, quencher solutions in excess 
amount were withdrawn from the reaction mixtures and added to the polymerization media 
with respect to the desired initiator: monomer: quencher ratio in polymerization 
([I]:[M]:[Q] for DP 1:10:5 and for DP 1:15:5). A small aliquot was taken to test the 
complete exchange of metal ions; 1 ml of the reaction mixture was added to methanol and 
extracted with CHCl3 and water, and from 
1
H-NMR spectra, it was proved that all bromine 
was converted into ZnCl-substituent 19.  
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.56-7.54 (m, 2H, Ar-H), 7.37-7.32 (m, 3H, 
Ar-H), 1.30 (s, 9H, -SC(CH3)3). 
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7.3.2.3. Preparation of reactive monomer 
 
2-bromo-3-hexyl-5-iodothiophene [16] (5.52 g, 14.8 mmol) was taken in a round-bottomed 
flask and the flask filled with argon. Dry THF (21.6 ml) was added and the flask was 
cooled down to 0 
0
C. Isopropylmagnesium chloride (2.0 M solution in THF, 7.4 ml, 14.8 
mmol) was added via syringe and the reaction mixture was allowed to stir at 0 
0
C for 2 hrs. 
7.3.2.4. Polymerization via externally-prepared initiator  
 
Experimental details for polymers were given for only one batch of polymerization sets 
(DP 10) and only for one initiator [17] as an example. Freshly-prepared initiator solution 
was transferred a clean round-bottom flask and a solution of reactive monomer [24] was 
added in one portion. In order to obtain the desired degree of polymerization, the exact 
volumes of initiator and monomer solutions were withdrawn from the ongoing reactions 
(for DP 10; 1.48 mmol, 43 ml from initiator solution and 14.8 mmol, 29 ml from reactive 
monomer solution). Subsequently, the polymerization mixture was stirred at room 
temperature till the respective time for the monomer consumption. While a portion (12 ml) 
quenched with MeOH to obtain mono-functionalized polymer segment (P1), the rest (60 
ml) was divided into five portions and each portion was quenched by the freshly prepared 
quencher solutions to get bis-end functionalized polymer segments (P2-P3-P10-P11-P12). 
Required quencher volumes were withdrawn from parent reactions in 1 to 5 ratio with 
respect to the initiator for DP 10 ([I]:[M]:[Q] 1:15:5 for DP 15) and were added to the 
already separated polymerization batches for termination. Those quenched parts, except the 
one quenched with methanol, were heated to 50 
0
C for 15 min, and then cooled to room 
temperature. The reaction mixture was poured into water and extracted with CHCl3. 
Organic layers were combined, dried over MgSO4, vacuum filtrated and concentrated 
under reduced pressure. Acetone was added to the flask and the insoluble material was 
collected on a filter paper and further purified from low DP products via Soxhlet 
extraction. After acetone; hexane and chloroform were used as solvents in Soxhlet 
extraction to separate polymer chains in different molecular weights, respectively. In some 
cases; in order to remove catalyst residues in polymers, which can be defined by additional 
peaks of catalyst in 
1
H-NMR spectra, column chromatography (with Hexane:CH2Cl2 as 
eluent with a gradient change) was used as further purification method after Soxhlet 
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extraction. (*percent yields for polymerizations were calculated using the weights after 
acetone soxhlet) 
P1: R1/H   [α4-StBu(2-tol)/ωH(Br)] 
DP: 10, 295 mg, 72 % yield , DP: 15, 495 mg, 81 % yield   
SEC: DP:10, Mn= 3429 g/mol, Mw= 3818, Mn/Mw= 1.11, DP:15, Mn= 3895 g/mol, Mw= 
4411 g/mol, Mn/Mw= 1.13;
  
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.45 (bs, 1H, Ar-H; 2), 7.40 (m, 2H, I/Ar-H; 
3-4), 6.99 (bs, 3HTh-H; 8), 6.98 (s, Th-H; 15), 6.95 (s, I-3HT-H; 6), 6.91 (s, ω-H end Th-
H; 17), 6.84 (s, ω-Br end Th-H; 18), 2.82 (t, J=7.3x(2) Hz, ThCH2(CH2)4CH3; 9), 2.72 (t, 
J=7.9x(2) Hz, α-I-Th-α-CH2; 7), 2.63 (t, J=7.3x(2) Hz, ω-H end Th-α-CH2; 16), 2.58 (m, 
ω-Br end Th α-CH2; 19), 2.51 (s, 3H, I-CH3; 14), 1.72 (m, ThCH2CH2(CH2)3CH3; 10), 
1.45 (m, ThCH2CH2CH2(CH2)2CH3; 11), 1.37 (m, ThCH2CH2CH2(CH2)2CH3; 12-13), 1.35 
(s, I-SC(CH3)3; 1), 0.93 (m, Th(CH2)5CH3; 14) 
P2: R1/R2   [α4-StBu(2-tol)/ω4- StBu(Ph)] 
DP: 10, 377 mg, 92 % yield , DP: 15, 541 mg, 88 % yield   
SEC: DP:10, Mn= 3269 g/mol, Mw=3493 g/mol, Mn/Mw= 1.07,  DP:15, Mn= 4188 
g/mol, Mw= 4532 g/mol, Mn/Mw= 1.08;  
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.58 (d, J=8.0 Hz, 2H, Q/Ar-H; 18), 7.45 
(bs, 1H, I/Ar-H; 2), 7.44 (d, J=8.0 Hz, 2H, Q/Ar-H; 17), 7.40 (m, 2H, I/Ar-H; 3-4), 7.04 (s,  
ω-Q end Th-H; 15), 6.99 (bs, 3HTh-H; 8), 6.98 (s, Th-H; 20), 6.96 (s, I-3HT-H; 6), 6.91 (s, 
ω-H end Th-H; 22), 6.84 (s, ω-Br end Th-H; 23), 2.82 (t, J=7.9x(2) Hz, ThCH2(CH2)4CH3; 
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9), 2.77 (t, J=7.9x(2) Hz, α-I Th-α-CH2; 7), 2.69 (t, J=7.6x(2) Hz, ω-Q end Th-α-CH2; 16), 
2.63 (t, J=7.9x(2) Hz, ω-H end Th-α-CH2; 21), 2.57 (m, ω-Br end Th-α-CH2; 24), 2.51 (s, 
3H, I-CH3; 5), 1.70 (m, ThCH2CH2(CH2)3CH3; 10), 1.45 (m, ThCH2CH2CH2(CH2)2CH3; 
11), 1.37 (m, ThCH2CH2CH2(CH2)2CH3; 12-13), 1.35 (s, Q-SC(CH3)3; 19), 1.34 (s, I-
SC(CH3)3; 1), 0.92 (m, Th(CH2)5CH3; 14) 
 
13
C NMR (125.8 MHz; CDCl3; Me4Si) δ (ppm): 143.6 (ω-H end Th; c), 140.2 (I-3HTh; 
12), 139.9 (P3HT; 17), 139.7 (I-Ar; 4), 139.6 (ω-Br end Th; h), 139.5 (Q-3HTh; 27), 137.5 
(Q-Ar; 32), 136.9 (Q-3HTh; 29), 135.7 (I-Ar; 7), 135.5 (ω-H end Th; a), 134.9 (Q-Ar; 30), 
134.8 (I-Ar; 5), 134.4 (Q-3HTh; 25), 134.2 (I-Ar; 9), 133.8-133.6-133.5 (I-3HTh & ω-Br 
end Th; 14-f/j), 133.7 (P3HT; 15), 132.0 (I-Ar; 3), 131.9 (Q-Ar; 33), 130.5 (P3HT; 24), 
129.9 (I-Ar & I-3HTh; 6-11), 129.0 (Q-Ar; 31), 128.6 (P3HT; 16), 128.4 (ω-Br end Th; g), 
128.3 (Q-3HTh; 26), 127.2 (ω-H end Th; b), 120.0 (ω-H end Th; e), 46.2 (Q-SC(CH3)3; 
34), 46.0 (I-SC(CH3)3; 2), 31.7 (-ThCH2CH2CH2(CH2)2CH3; 18), 31.6 (ω-Br end Th; i), 
31.1 (I-SC(CH3)3; 1), 31.0 (Q-SC(CH3)3; 35), 30.5 (-ThCH2CH2CH2(CH2)2CH3; 19), 30.4 
(ω-H end Th; d), 29.5 (I-Th-CH2-; 13), 29.2 (-ThCH2CH2CH2(CH2)2CH3; 20), 29.0 (Q-Th-
CH2-; 28), 22.6 (-ThCH2CH2CH2(CH2)2CH3; 21-22), 21.3 (I-Ar-CH3; 8), 14.1 (-
ThCH2CH2CH2(CH2)2CH3; 23) 
P3: R1/R4   [α4-StBu(2-tol)/ω4-STMSE(Ph)] 
DP: 10, 361 mg, 88 % yield   
SEC: Mn= 3214 g/mol, Mw= 3617 g/mol, Mn/Mw= 1.12; 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.46 (bs, 1H, I/Ar-H; 2), 7.41 (m, 4H, I-I-
Q/Ar-H; 3-4-18), 7.35 (d, J=7.9 Hz, 2H, Q/Ar-H; 17), 7.04 (s,  ω-Q end Th-H; 15), 7.00 
(bs, 3HTh-H; 8), 6.97 (s, Th-H; 22), 6.96 (s, I-3HT-H; 6), 6.92 (s, ω-H end Th-H; 24), 6.84 
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(s, ω-Br end Th-H; 25), 3.03 (m, 2H, Q-SCH2; 19), 2.82 (t, J=8.2x(2) Hz, 
ThCH2(CH2)4CH3; 9), 2.78 (m,α-I-Th-α-CH2; 7), 2.68 (t, J=7.3x(2) Hz, ω-Q end Th-α-
CH2; 16), 2.63 (t, J=7.6x(2) Hz, ω-H end Th-α-CH2; 23), 2.58 (m, ω-Br end Th-α-CH2; 
26), 2.52 (s, 3H, I-CH3; 5), 1.70 (m, ThCH2CH2(CH2)3CH3; 10), 1.45 (m, 
ThCH2CH2CH2(CH2)2CH3; 11), 1.37 (m, ThCH2CH2CH2(CH2)2CH3; 12-13), 1.35 (s, I-
SC(CH3)3; 1), 1.00 (m, 2H, Q-SCH2CH2Si(CH3)3; 20), 0.92 (m, Th(CH2)5CH3; 14), 0.09 (s, 
9H, Q-SCH2CH2Si(CH3)3; 21). 
P4: R3/H   [α4-STMSE(2-tol)/ωH(Br)] 
DP: 10, 316 mg, 77 % yield   
SEC: Mn= 3311 g/mol, Mw=3787 g/mol, Mn/Mw= 1.14; 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.36 (d, J=7.6 Hz, 1H, Ar-H; 5), 7.21 (bs, 
1H, Ar-H; 4), 7.15 (br-d, J=7.6 Hz, 1H, Ar-H; 6), 6.99 (bs, 3HTh-H; 10), 6.93 (s, ω-H end 
Th-H; 17), 6.91 (s, ω-H end Th-H; 19), 6.90 (s, I-3HT-H; 8), 6.86-6.84 (s, ω-Br end Th-H; 
20), 3.00 (m, 2H,-SCH2; 3), 2.82 (t, J=7.6x(2) Hz, ThCH2(CH2)4CH3; 11), 2.72 (t, 
J=7.9x(2) Hz, α-I-Th-α-CH2; 9), 2.63 (t, J=7.9x(2) Hz, ω-H end Th-α-CH2; 18), 2.58 (t, 
J=7.6x(2) Hz,  ω-Br end Th α-CH2; 21), 2.48 (s, 3H, I-CH3; 7), 1.70 (m, 
ThCH2CH2(CH2)3CH3; 12), 1.44 (m, ThCH2CH2CH2(CH2)2CH3; 13), 1.36 (m, 
ThCH2CH2CH2(CH2)2CH3; 14-15), 0.97 (m, 2H, -CH2Si(CH3)3; 2), 0.91 (m, 
Th(CH2)5CH3; 16), 0.08 (s, 9H, CH2Si(CH3)3; 1) 
P5: R3/R4   [α4-STMSE(2-tol)/ω4-STMSE(Ph)] 
DP: 10, 172 mg, 42 % yield   
SEC: Mn= 3369 g/mol, Mw= 3636 g/mol, Mn/Mw= 1.08; 
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1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.41 (d, J=8.2 Hz, 2H, Q/Ar-H; 17), 7.36 (d, 
J=7.9 Hz, 3H, I/Ar-H & Q/Ar-H; 3-18), 7.22 (bs, 1H, I/Ar-H; 2), 7.16 (dd, J=6.3,1.9 Hz, 
1H, I/Ar-H; 4), 7.04 (s,  ω-Q end Th-H; 15), 6.99 (bs, 3HTh-H; 8), 6.97 (s, ω-H end Th-H; 
22), 6.94 (s, ω-H end Th-H; 24), 6.92 (s, I-3HT-H; 6), 6.86-6.84 (s, ω-Br end Th-H; 25), 
3.03 (m, -SCH2; 19), 2.83 (t, J=7.6x(2) Hz, ThCH2(CH2)4CH3; 9), 2.68 (t, J=7.6x(2) Hz, 
ω-Q end Th-α-CH2; 16), 2.59 (t, J=7.9x(2) Hz, ω-H end Th-α-CH2; 23), 2.55 (m,  ω-Br end 
Th α-CH2; 26), 2.49 (s, 3H, I-CH3; 5), 1.72 (m, ThCH2CH2(CH2)3CH3; 10), 1.45 (m, 
ThCH2CH2CH2(CH2)2CH3; 11), 1.37 (m, ThCH2CH2CH2(CH2)2CH3; 12-13), 1.00 (m, -
CH2Si(CH3)3; 20), 0.93 (m, Th(CH2)5CH3; 14), 0.09 (s, CH2Si(CH3)3; 21) 
P6: R3/R2   [α4-STMSE(2-tol)/ω4-StBu(Ph)] 
DP: 10, 209 mg, 51 % yield   
SEC: Mn= 3792 g/mol, Mw=4401 g/mol, Mn/Mw= 1.16; 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.49 (d, J=8.2 Hz, 2H, Q/Ar-H; 20), 7.43 (d, 
J=8.2 Hz, 2H, Q/Ar-H; 19), 7.37 (d, J=7.9 Hz, 1H, I/Ar-H; 5), 7.21 (bs, 1H, I/Ar-H; 4), 
7.16 (dd, J=6.3,1.9 Hz, 1H, I/Ar-H; 6), 7.04 (s,  ω-Q end Th-H; 17), 6.99 (bs, 3HTh-H; 
10), 6.97 (s, ω-H end Th-H; 22), 6.93 (s, ω-H end Th-H; 24), 6.91 (s, I-3HT-H; 8), 6.86-
6.84 (s, ω-Br end Th-H; 25), 3.01 (m, -SCH2; 3), 2.82 (t, J=7.9x(2) Hz, ThCH2(CH2)4CH3; 
11), 2.72 (t, J=8:2x(2) Hz, I/ Th-α-CH2; 9), 2.69 (t, J=8.2x(2) Hz, ω-Q end Th-α-CH2; 18), 
2.63 (t, J=7.9x(2) Hz, ω-H end Th-α-CH2; 23), 2.55 (m,  ω-Br end Th α-CH2; 26), 2.48 (s, 
3H, I-CH3; 7), 1.72 (m, ThCH2CH2(CH2)3CH3; 12), 1.45 (m, ThCH2CH2CH2(CH2)2CH3; 
13), 1.36 (m, ThCH2CH2CH2(CH2)2CH3; 14-15), 1.36 (s, I-SC(CH3)3; 21), 0.99 (m, -
CH2Si(CH3)3; 2), 0.92 (m, Th(CH2)5CH3; 16), 0.08 (s, CH2Si(CH3)3; 1) 
P10: R1/R5   [α4-StBu(2-tol)/ω-DMA)] 
DP: 10, 192 mg, 47 % yield   
SEC: Mn= 3122 g/mol, Mw= 3278 g/mol, Mn/Mw= 1.05; 
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1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.46 (bs, 1H, I/Ar-H; 2), 7.41 (m, 4H, I/Ar-
H & Q/Ar-H; 3-4-17), 7.00 (s,  ω-Q end Th-H; 15), 6.99 (bs, 3HTh-H; 8), 6.96 (s, I-3HT-
H; 6), 6.93 (s, ω-H end Th-H; 20-22), 6.84-6.83 (s, ω-Br end Th-H; 23), 6.69 (d, J=8.5 Hz, 
Ar-H; 18), 3.02 (s, -N(CH3)2; 19), 2.83 (t, J=7.3x(2) Hz, ThCH2(CH2)4CH3; 9), 2.76 (t, 
J=7.9x(2) Hz, I-Th-α-CH2 & ω-Q end Th-α-CH2; 7-16), 2.68, 2.63 (t, J=7.3x(2) Hz, ω-H 
end Th-α-CH2; 21), 2.58 (m, ω-Br end Th-α-CH2; 24), 2.51 (s, 3H, I-CH3; 5), 1.72 (m, 
ThCH2CH2(CH2)3CH3; 10), 1.45 (m, ThCH2CH2CH2(CH2)2CH3; 11), 1.36 (m, 
ThCH2CH2CH2(CH2)2CH3; 12-13), 1.35 (s, I-SC(CH3)3; 1), 0.91 (m, Th(CH2)5CH3; 14) 
P11: R1/R6   [α4-StBu(2-tol)/ω-Fc)] 
DP: 10, 201 mg, 49 % yield   
SEC: Mn= 3047 g/mol, Mw=3215, Mn/Mw= 1.06; 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.46 (bs, 1H, I/Ar-H; 2), 7.44 (d, J=8.0 Hz, 
2H, Q/Ar-H; 17), 7.41 (m, 2H, I/Ar-H; 3-4), 6.99 (bs, 3HTh-H; 8), 6.98 (s, ω-Q end Th-H; 
15), 6.96 (s, I-3HT-H; 6), 6.93 (s, ω-H end Th-H; 20-22), 6.84-6.83 (s, ω-Br end Th-H; 
23), 4.53 (t, J=1.9 x(2) Hz, 2H, Fc-H), 4.28 (m, 7H, Fc-H), 2.82 (t, J=7.9x(2) Hz, 
ThCH2(CH2)4CH3; 9), 2.78 (m, I-Th-α-CH2; 7), 2.75  (t, J=7.9x(2) Hz, ω-Q end Th-α-CH2; 
16), 2.69, 2.63 (t, J=7.6x(2) Hz, ω-H end Th-α-CH2; 21), 2.58 (m, ω-Br end Th-α-CH2; 
24), 2.51 (s, 3H, I-CH3; 5), 1.72 (m, ThCH2CH2(CH2)3CH3; 10), 1.45 (m, 
ThCH2CH2CH2(CH2)2CH3; 11), 1.37 (m, ThCH2CH2CH2(CH2)2CH3; 12-13), 1.35 (s, I-
SC(CH3)3; 1), 0.93 (m, Th(CH2)5CH3; 14) 
P12: R1/R7   [α4-StBu(2-tol)/ω4-StBu(Ph)2] 
DP: 10, 304 mg, 74 % yield   
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SEC: Mn= 3153 g/mol, Mw=3589 g/mol, Mn/Mw= 1.14; 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.60 (d, J=8.5 Hz, 2H, Ar-H; 20), 7.54-7.52 
((d, J=8.2 Hz) (d, J=8.2 Hz), 4H, Ar-H; 17-18), 7.49 (d, J=8.5 Hz, 2H, Ar-H; 19), 7.46 (bs, 
1H, I/Ar-H; 2), 7.41 (m, 4H, I/Ar-H; 3-4), 7.06 (s,  ω-Q end Th-H; 15), 7.00 (bs, 3HTh-H; 
8), 6.97 (bs, ω-H end Th-H; 22), 6.96 (s, I-3HT-H; 6), 6.91 (bs, ω-H end Th-H; 24), 6.84-
6.83 (s, ω-Br end Th-H; 25), 2.82 (t, J=7.3x(2) Hz, ThCH2(CH2)4CH3; 9), 2.77 (m, α-I Th-
α-CH2; 7), 2.71 (t, J=7.9x(2) Hz, ω-Q end Th-α-CH2; 16), 2.63 (t, J=7.6x(2) Hz, ω-H end 
Th-α-CH2; 23), 2.59 (m, ω-Br end Th-α-CH2; 26), 2.52 (s, 3H, I-CH3; 5), 1.72 (m, 
ThCH2CH2(CH2)3CH3; 10), 1.45 (m, ThCH2CH2CH2(CH2)2CH3; 11), 1.37 (m, 
ThCH2CH2CH2(CH2)2CH3; 12-13), 1.35 (s, I-SC(CH3)3; 1), 1.33 (s, Q-SC(CH3)3; 21), 0.93 
(m, Th(CH2)5CH3; 14) 
7.3.2.5. Polymerization via classical Grignard metathesis synthesis 96 
 
Experimental details for polymers were given for only one batch of polymerization sets as 
an example. Ni(dppe)Cl2 (378 mg, 0.715 mmol) was transferred in a clean round-bottom 
flask and the flask was sealed carefully in glove box.  Then for the polymerizations, flask 
was taken outside from glove box. Dry THF (15 ml) and reactive monomer 24 was added 
in a ratio for defined degree of polymerization (7.15 mmol for DP 1:10 and 10.725 mmol 
for DP 1:15). Subsequently, the polymerization mixture was stirred at room temperature 
till the respective time for the monomer consumption. While a portion quenched with 
MeOH to obtain polymer segments without specific anchoring groups [P7], the rest was 
divided and quenched by the freshly prepared quencher solutions. Those quenched 
portions, except the one quenched with methanol, were heated to 50 
0
C for 15 min, and 
then cooled to room temperature. Obtained polymers were extracted and purified similarly 
with the polymers obtained via externally prepared initiator. 
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P7: H/Br   [α-H/ω-Br] 
DP: 10, 204 mg, 86 % yield, DP: 15, 274 mg, 77 % yield   
SEC: DP:10, Mn= 3347 g/mol, Mw=3734 g/mol, Mn/Mw= 1.12,  DP:15, Mn= 3927 
g/mol, Mw= 4547 g/mol, Mn/Mw= 1.16;  
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.00 (m,  H-H ω-H end Th-2-H, 1), 6.99 (bs, 
3HTh-H; 4), 6.96 (s, H-T ω-H end Th-H, 3), 6.93 (s, H-H ω-H end Th-H, 3), 6.91 (s, H-T 
ω-H end Th-2-H, 1), 6.86 (s, H-H ω-Br end Th-α-H, 11), 6.84 (s, H-T ω-Br end Th-α-H, 
11), 2.81 (m, ThCH2(CH2)4CH3; 5), 2.70 (m, H-H ω-H end Th-α-CH2; 2), 2.63 (t, 
J=7.3x(2) Hz, H-T ω-H end Th-α-CH2; 2), 2.58 (m, H-H ω-Br end Th-α-CH2; 12), 2.55 (m, 
H-T ω-Br end Th-α-CH2; 12), 1.71 (m,ThCH2CH2(CH2)3CH3; 6), 1.45 (m, 
ThCH2CH2CH2(CH2)2CH3; 7), 1.35 (m, ThCH2CH2CH2(CH2)2CH3; 8-9), 0.93 (m, 
Th(CH2)5CH3; 10). 
P8: R2/R2    [α4-StBu(Ph)/ω4-StBu(Ph)] 
DP: 10, 209 mg, 88 % yield , DP: 15, 328 mg, 92 % yield   
SEC: DP:10, Mn= 3087 g/mol, Mw=3657 g/mol, Mn/Mw= 1.18,  DP:15, Mn= 4091 
g/mol, Mw= 4529 g/mol, Mn/Mw= 1.11;  
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.59 (d, J=8.2 Hz, 2H, I-Q/Ar-H; 2), 7.44 (d, 
J=8.2 Hz, 2H, I-Q/Ar-H; 3), 7.07 (s, ω-I/Q end Th-H; 5), 7.05 (s,  ω-I/Q end Th-H; 5-13), 
7.01 (s,  H-H ω-H end Th-2-H; 20), 7.00 (bs, 3HTh-H; 6), 6.97 (s, ω-H end Th-H; 16-21), 
6.92 (s, ω-H end Th-H; 17-20), 6.81 (s, ω-Br end Th-H; 18-22), 2.82 (t, J=7.9x(2) Hz, 
ThCH2(CH2)4CH3; 7), 2.78 (m, α-I-Th-α-CH2; 4), 2.70 (t, J=7.9x(2) Hz, I/Q end Th-α-
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CH2; 4-14), 2.63 (m, ω-H end Th-α-CH2; 15), 2.60 (m, ω-Br end Th-α-CH2;19), 1.71 (m, 
ThCH2CH2(CH2)3CH3;8), 1.45 (m, ThCH2CH2CH2(CH2)2CH3; 9), 1.37 (m, 
ThCH2CH2CH2(CH2)2CH3; 10-11), 1.35 (s, I/Q-SC(CH3)3; 1), 0.92 (m, Th(CH2)5CH3; 12). 
P9: R4/R4    [α4-STMSE(Ph)/ω4-STMSE(Ph)] 
DP: 10, 207 mg, 87 % yield, DP: 15, 321 mg, 90 % yield   
SEC: DP:10, Mn= 2360 g/mol, Mw=2917 g/mol, Mn/Mw= 1.24,  DP:15, Mn= 4091 
g/mol, Mw= 4547 g/mol, Mn/Mw= 1.11;  
  
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.59 (d, J=8.2 Hz, 2H, I-Q/Ar-H; 4), 7.41 (d, 
J=8.2 Hz, 2H, I-Q/Ar-H; 5), 7.06 (s, ω-I/Q end Th-H; 7), 7.03 (s,  ω-I/Q end Th-H; 7-15), 
7.00 (bs, 3HTh-H; 8), 6.91 (s, ω-H end Th-H; 19-22), 6.81 (s, ω-Br end Th-H; 20-24), 3.04 
(m, 2H, TMSE-SCH2; 3), 2.81 (t, J=7.9x(2) Hz, ThCH2(CH2)4CH3; 9), 2.74 (m, ω-I/Q end 
Th-α-CH2; 6-16), 2.63 (m, ω-H end Th-α-CH2; 17), 2.57 (m, ω-Br end Th-α-CH2; 21), 1.73 
(m, ThCH2CH2(CH2)3CH3; 10), 1.46 (m, ThCH2CH2CH2(CH2)2CH3; 11), 1.37 (m, 
ThCH2CH2CH2(CH2)2CH3; 12-13), 1.00 (m, 2H, TMSE-SCH2CH2Si(CH3)3; 2), 0.92 (m, 
Th(CH2)5CH3; 14), 0.08 (s, 9H, TMSE-SCH2CH2Si(CH3)3; 1). 
P13: R5/R5    [α-DMA/ω-DMA] 
DP: 10, 164 mg, 69 % yield   
SEC: Mn= 3272 g/mol, Mw= 3573 g/mol, Mn/Mw= 1.09; 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.42 (d, J=8.8 Hz, Ar-H; 3-15), 7.02 (bs, 
3HTh-H; 6), 7.00 (s, bis-3HT-H; 5-13), 6.96 (s, mono-ω-H end Th-H; 18), 6.95-6.93 (s, H-
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T ω-H end Th-H; 19-22), 6.88 (s, mono-ω-Br end Th-H; 20), 6.86-6.85 (H-H & H-T ω-Br 
end Th-H; 24), 6.71 (d, J=8.8 Hz, Ar-H; 2-16), 3.02 (s, -N(CH3)2; 1), 2.83 (m, 
ThCH2(CH2)4CH3; 7), 2.78 (m, mono/bis-Th-α-CH2; 4-14), 2.70 (t, J=7.3x(2) Hz, H-H end 
Th-α-CH2), 2.65 (t, J=7.3x(2) Hz, H-T ω-H end Th-α-CH2; 17), 2.57 (t, J=7.6x(2) Hz, H-T 
ω-Br end Th-α-CH2; 21), 1.71 (m, ThCH2CH2(CH2)3CH3; 8), 1.48 (m, 
ThCH2CH2CH2(CH2)2CH3; 9), 1.39 (m, ThCH2CH2CH2(CH2)2CH3; 10-11), 0.93 (m, 
Th(CH2)5CH3; 12). 
P14: R6/R6    [α-Fc/ω-Fc] 
DP: 10, 138 mg, 58 % yield   
SEC: Mn= 3104 g/mol, Mw= 3401 g/mol, Mn/Mw= 1.09; 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.02 (bs, 3HTh-H; 6), 7.01 (s, bis-3HT-H; 5-
13), 6.96 (s, mono-ω-H end Th-H; 16), 6.94-6.93 (s, ω-H end Th-H; 17-20), 6.88 (s, mono-
ω-Br end Th-H; 18), 6.86-6.85 (H-H & H-T ω-Br end Th-H; 22), 4.55 (t, J=1.9 x(2) Hz, 
2H, Fc-H), 4.29 (m, 7H, Fc-H), 2.85 (m, ThCH2(CH2)4CH3; 7), 2.78 (m, mono/bis-Th-α-
CH2; 4-14), 2.71 (t, J=7.9x(2) Hz, H-H ω-H end Th-α-CH2), 2.65 (t, J=7.6x(2) Hz, H-T ω-
H end Th-α-CH2), 2.61 (m, H-H ω-Br end Th-α-CH2), 2.57 (t, J=7.3x(2) Hz, H-T ω-Br end 
Th-α-CH2; 19), 1.74 (m, ThCH2CH2(CH2)3CH3; 8), 1.47 (m, ThCH2CH2CH2(CH2)2CH3; 
9), 1.39 (m, ThCH2CH2CH2(CH2)2CH3; 10-11), 0.96 (m, Th(CH2)5CH3; 12). 
7.3.2.6. Donor-Acceptor Chromophores as end groups 
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Polymers were dissolved in dry CH2Cl2 and excess amount of tetracyanoethylene (TCNE) 
(in 2:1 ratio (for mono-end donor), in 3:1 ratio (for bis-end donor) to the polymer/per 
donor-substituted end group) was added at room temperature with an immediate change in 
color to brownish from orange. The reaction mixtures were stirred for 2 more hrs at 50 
0
C 
and then the solvent was removed by evaporation. Methanol was added to the residue after 
evaporation and the precipitate was scratched via spatula to filter paper for Soxhlet 
extraction. After the removal of light yellow methanol soluble part with soxhlet, the 
residual part dried under vacuum. 
P10-TCBD: 94% yield 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.84 (d, J=9.1 Hz, 2H, ω-DA end dma_Ar-
H; 12), 7.46 (bs, 1H, I/Ar-H; 2), 7.40 (m, 2H, I/Ar-H; 3-4), 7.17 (bs, ω-DA-end_3HT-H; 
10), 6.99 (bs, 3HTh-H; 8), 6.96 (s, I-3HT-H; 6), 6.94 (s, ω-H end Th-H), 6.77 (d, J=9.1 Hz, 
2H, ω-DA end dma_Ar-H; 13), 3.19 (s, -N(CH3)2; 14), 2.80 (m, ThCH2(CH2)4CH3; 9), 
2.76 (m,α-I Th α-CH2; 7), 2.70 (t, J=7.3x(2) Hz, ω-DA-end Th α-CH2; 11), 2.52 (s, 3H, I-
CH3; 5), 1.67 (m, ThCH2CH2(CH2)3CH3), 1.45 (m, ThCH2CH2CH2(CH2)2CH3), 1.36 (m, 
ThCH2CH2CH2(CH2)2CH3), 1.34 (s, I-SC(CH3)3; 1), 0.92 (m, Th(CH2)5CH3) 
P11-TCBD: 60% yield  
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.45 (bs, 1H, I/Ar-H; 2), 7.40 (m, 2H, I/Ar-
H; 3-4), 7.14 (bs, ω-DA-end_3HT-H; 10), 6.99 (bs, 3HTh-H; 8), 6.96 (s, I-3HT-H; 6), 6.93 
(s, ω-H end Th-H), 6.84 (s, ω-Br end Th-H), 5.52 (bs, 1H, ω-DA-end_Fc-H; 12), 5.05 (bs, 
1H, ω-DA-end_Fc-H; 12), 4.90 (bs, 1H, ω-DA-end_Fc-H; 12), 4.60 (bs, 1H, ω-DA-end_Fc-
H; 12), 4.52 (bs, 5H, ω-DA-end_Fc-H; 13-14), 2.81 (m, ThCH2(CH2)4CH3; 9), 2.77 (m, α-I 
Th α-CH2; 7), 2.73 (t, J=7.6x(2) Hz, ω-DA-end Th α-CH2; 11), 2.69-2.67,  2.63 (m, ω-H 
end Th α-CH2), 2.59 (m, ω-Br end Th α-CH2), 2.51 (s, 3H, I-CH3; 5), 1.72 (m, 
ThCH2CH2(CH2)3CH3), 1.45 (m, ThCH2CH2CH2(CH2)2CH3), 1.36 (m, 
ThCH2CH2CH2(CH2)2CH3), 1.34 (s, I-SC(CH3)3; 1), 0.90 (m, Th(CH2)5CH3)  
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P13-TCBD: 77% yield  
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.85 (d, J=9.1 Hz, 2H, ω-DA end dma_Ar-
H; 3-10), 7.19 & 7.17 (s, mono/bis-DA-end_3HT-H; 5-8),  7.03-7.01-7.00 (bs, 3HTh-H; 6), 
6.96 (bs, mono-ω-H end Th-H), 6.93 (s, ω-H end Th-H), 6.84 (m, ω-Br end Th-H), 6.77 (d, 
J=9.1 Hz, 2H, ω-DA end dma_Ar-H; 2-11), 3.19 (s, -N(CH3)2; 1-12), 2.81 (m, 
ThCH2(CH2)4CH3; 7), 2.71 (t, J=8.2x(2) Hz, mono/bis-DA-end Th α-CH2 & H-T ω-H end 
Th-α-CH2; 4-9), 2.63 (t, J=7.9x(2) Hz, H-H ω-H end Th α-CH2), 2.58 (m, H-H ω-Br end 
Th-α-CH2), 2.55 (m, H-T ω-Br end Th-α-CH2), 1.71 (m, ThCH2CH2(CH2)3CH3), 1.45 (m, 
ThCH2CH2CH2(CH2)2CH3), 1.36 (m, ThCH2CH2CH2(CH2)2CH3), 0.93 (m, Th(CH2)5CH3) 
 
P14-TCBD: 74% yield  
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.15 (bs, mono/bis-DA-end_3HT-H; 4-7), 
7.11 (s), 7.02-7.00 (bs, 3HTh-H; 5), 6.96 (bs, mono-ω-H end Th-H), 6.94 (s, ω-H end Th-
H), 6.85 (s, ω-Br end Th-H), 5.53 (bs, 1H, ω-DA-end_Fc-H; 1-9), 5.06 (bs, 1H, ω-DA-
end_Fc-H; 1-9), 4.90 (bs, 1H, ω-DA-end_Fc-H; 1-9), 4.61 (bs, 1H, ω-DA-end_Fc-H; 1-9), 
4.53 (bs, 5H, ω-DA-end_Fc-H; 2-10), 2.81 (m, ThCH2(CH2)4CH3; 6), 2.74 (t, J=7.9x(2) 
Hz, mono/bis-DA-end Th α-CH2 & H-H ω-H end Th-α-CH2; 3-8), 2.69-2.67 (m, H-H ω-H 
end Th-α-CH2), 2.63 (m, H-T ω-H end Th α-CH2), 2.60 (m, H-H ω-Br end Th α-CH2), 2.55 
(m, H-T ω-Br end Th-α-CH2), 1.70 (m, ThCH2CH2(CH2)3CH3), 1.45 (m, 
ThCH2CH2CH2(CH2)2CH3), 1.37 (m, ThCH2CH2CH2(CH2)2CH3), 0.93 (m, Th(CH2)5CH3) 
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7.3.3.  Post-polymerization Modification Route 
7.3.3.1. Creating active site [P2-4-Br] [1:0.08] 194 
 
N-bromosuccinimide (NBS) (15 mg, 0.084 mmol) was added slowly to an Al-foil covered 
solution of P2 (175 mg, 1.054 mmol per repeating unit) in 20 ml chloroform at room 
temperature. After stirring overnight at that temperature, brought to 50 
0
C for 1 h then 
cooled down and poured into saturated NaHCO3 solution. Chloroform soluble part was 
extracted with water several times then dried over MgSO4. Subsequently, methanol was 
mixed with the crude product and extracted with Soxhlet. Later, the product [P2-4-Br] 
obtained by re-precipitation from methanol, 149 mg. 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.59 (d, J=8.3 Hz, 2H, Q/Ar-H; 26), 7.44 (d, 
J=8.0 Hz, 3H, I/Ar-H  & Q/Ar-H; 2-25), 7.42 (m, 2H, I/Ar-H; 3-4), 7.05 (bs, ω-Q end Th-
H & Br func.3HT.-3HTh-H; 23-14), 7.01 (s, Br func.3HT.-3HTh-H; 14), 6.99 (bs, 3HTh-
H; 16), 6.97 (s, Br func.3HT.-3HTh-H; 14), 6.96 (s, I-3HT-H; 6), 6.84 (s, ω-Br end Th-H; 
28), 2.88 (m,α-CH2-Br func.3HT; 8), 2.82 (t, J=7.5x(2) Hz, ThCH2(CH2)4CH3; 17), 2.73 (t, 
J=7.3x(2) Hz, I-Th-α-CH2; 7), 2.69 (t, J=7.8x(2) Hz, ω-Q end Th-α-CH2; 24), 2.64 (t, 
J=7.5x(2) Hz, Br func.3HT.-3HTh-α-CH2; 15), 2.59 (t, J=8.3x(2) Hz, ω-Br end Th α-CH2; 
29), 2.51 (s, 3H, I-CH3; 5), 1.67 (m, ThCH2CH2(CH2)3CH3; 9-18), 1.45 (m, 
ThCH2CH2CH2(CH2)2CH3; 10-19), 1.36 (m, ThCH2CH2CH2(CH2)2CH3; 11-12-20-21), 
1.36 (s, Q-SC(CH3)3; 27), 1.35 (s, I-SC(CH3)3; 1), 0.93 (m, Th(CH2)5CH3; 13-22); 
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13
C NMR (125.8 MHz; CDCl3; Me4Si) δ (ppm): 143.8 (ω-Q end Br func.3HT.-3HTh; 21), 
140.1 (I-3HTh; 11), 139.7 (I-Ar; 4), 138.7 (ω-Q end Br func.3HT; 16), 137.5 (Q-Ar; 39), 
136.6 (3HTh), 135.8 (I-Ar; 5), 134.9 (Q-Ar; 37), 134.8 (I-Ar; 7), 134.4 (I-Ar; 9), 133.9 (ω-
Br end Th-H; 47), 132.0 (I-Ar; 3), 131.6 (ω-Q end Br func.3HT; 14-18), 131.9 (Q-Ar; 40), 
130.6, 129.9 (I-Ar; 8), 129.4 (ω-Br end Th-H; 44), 129.1 (Q-Ar; 38), 129, 128.8 (ω-Br end 
3Th; 44), 128.6 (3HTh; 25), 127.2 (ω-Q end Br func.3HT.-3HTh; 20), 120.1 (ω-Q end Br 
func.3HT.-3HTh), 116.2 (ω-Q end Br func.3HT; 15), 46.2 (Q-SC(CH3)3; 41), 46.1 (I-
SC(CH3)3; 2), 31.7 (-ThCH2CH2CH2(CH2)2CH3; 27), 31.6 (ω-Br end α-CH2; 46), 31.2 (I-
SC(CH3)3; 1), 31.1 (Q-SC(CH3)3; 42), 30.5 (-ThCH2CH2CH2(CH2)2CH3; 28), 29.6 (ω-Q 
end Br func.3HT-α-CH2; 17), 29.4 (I-Th-CH2-; 12 & Q-Th-CH2-; 36), 29.2 (-
ThCH2CH2CH2(CH2)2CH3; 29), 29.0 (Q-Th-CH2-; 36), 22.6 (-ThCH2CH2CH2(CH2)2CH3; 
30-31), 21.3 (I-Ar-CH3; 6), 14.1 (-ThCH2CH2CH2(CH2)2CH3; 32);  
UV-Vis & FL (0.02 mg/ml solution in THF): λabsmax = 424 nm λonset= 518 nm E
opt
 = 2.40 
eV  λemmax = 561 nm (excited at 424 nm) 
7.3.3.2. Incorporation of electron donor 195 
 
P2-4-ethynylDMA  
To a 100 ml reaction flask under argon, P2-4-Br (109 mg, 0.448 mmol per repeating unit 
with Br-function) and N,N-dimethyl-4-((tributylstannyl)ethynyl)aniline [13] (31 mg, 
0.0715 mmol) were added and dissolved in anhydrous toluene (20 ml). Pd(PPh3)4 (21 mg, 
0.0179 mmol) in 5 ml toluene was added and the sealed flask was heated to 100 
0
C for 
overnight. After removal of toluene under reduced pressure, chloroform was added and the 
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mixture was passed through a silica column. The solution was concentrated by evaporation 
and methanol added to the crude product to collect all precipitate on filter paper for the 
Soxhlet extraction with methanol. Later soxhlet purification, the product P2-4-
ethynylDMA obtained by reprecipitation from methanol, 105 mg, 76% yield. 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.60 (d, J=8.0 Hz, 2H, Q/Ar-H; 24), 7.45 (d, 
J=8.6 Hz, 3H, I/Ar-H  & Q/Ar-H; 2-23), 7.42 (m, 4H,  I/Ar-H & dma_Ar-H; 3-4-8(or 28)), 
7.06 (s) - 7.05 (s) -7.04 (s) (ω-Q end Th-H & dma func.3HT.-3HTh-H; 21-12), 7.00 (bs, 
3HTh-H; 14), 6.97 (s, dma-end Th-H; 26), 6.96 (s,I-3HT-H; 6), 6.68 (d, J=8.6 Hz, 2H, 
dma_Ar-H; 9(or 29)), 3.02 (s, -N(CH3)2; 30), 2.99 (s, -N(CH3)2; 10), 2.89 (t, J=7.5x(2) Hz, 
α-CH2-dma_func.3HT; 11), 2.83 (t, J=7.5x(2) Hz, ThCH2(CH2)4CH3; 15), 2.76 (t, 
J=7.8x(2) Hz, I-Th-α-CH2; 7), 2.70 (t, J=7.5x(2)Hz, ω-Q end Th-α-CH2; 22), 2.65 (t, 
J=7.8x(2) Hz, dma_func.3HT.-3HTh-α-CH2 & dma-end 3Th-α-CH2; 13-27), 2.52 (s, 3H, I-
CH3; 5), 1.70 (m, ThCH2CH2(CH2)3CH3; 16), 1.46 (m, ThCH2CH2CH2(CH2)2CH3; 17), 
1.37 (m, ThCH2CH2CH2(CH2)2CH3; 18-19), 1.36 (s, Q-SC(CH3)3; 25), 1.35 (s, I-
SC(CH3)3; 1), 0.89 (m, Th(CH2)5CH3; 20); 
 
13
C NMR (125.8 MHz; CDCl3; Me4Si) δ (ppm): 150.3 (ω-D end Ar-N(CH3)2; o or ω-Q 
end D func. Ar-N(CH3)2; g), 140.2 (ω-Q end 3HTh; 30), 140.0 (3HTh; 20), 139.7 (I-Ar; 4), 
139.5 (3HTh),138.7, 137.6 (Q-Ar; 33), 136.9 (3HTh), 135.7 (I-Ar; 5), 134.9 (Q-Ar; 31), 
134.8 (I-Ar; 7), 134.4 (3HTh), 134.3 (I-Ar; 9), 133.7,  132.6 (ω-Q end D func. & ω-D end 
Ar-N(CH3)2; e-m), 132.0 (I-Ar), 131.9 (Q-Ar; 34), 130.7 (3HTh; 27), 129.9 (I-Ar; 8), 
129.5, 129.0 (Q-Ar; 32), 128.6 (3HTh; 19), 128.3; 127.8, 127.2, 126.6 (3HTh), 112.0 – 
111.9 (ω-Q end D func. & ω-D end Ar-N(CH3)2; f-n), 110.55 (ω-Q end D func. &  ω-D 
end Ar-N(CH3)2; d-l), 83.7 – 83.4 – 77.7 – 67.9 (ω-D end 3HTh-C≡C-Ar; j-k or ω-Q end 
3HTh-C≡C-Ar; b-c), 46.3 (Q-SC(CH3)3; 35), 46.2 (I-SC(CH3)3; 2), 40.3 (ω-D end-Ar-
N(CH3)2 & ω-Q end DA func.Ar-N(CH3)2; h-p), 31.8 (-ThCH2CH2CH2(CH2)2CH3; 21), 
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31.2 (I-SC(CH3)3; 1), 31.1 (Q-SC(CH3)3; 36), 30.7 (-ThCH2CH2CH2(CH2)2CH3; 22), 29.8 
(Q-Th-CH2-; 29), 29.6 (I-Th-CH2-; 12), 29.4 (-ThCH2CH2CH2(CH2)2CH3; 23), 22.8 (-
ThCH2CH2CH2(CH2)2CH3; 24-25), 21.3 (I-Ar-CH3; 6), 14.2 (-ThCH2CH2CH2(CH2)2CH3; 
26);  
UV-Vis & FL (0.02 mg/ml solution in THF): λabsmax = 430 nm λonset= 526 nm E
opt
 = 2.36 
eV  λemmax = 570 nm (excited at 430 nm) 
P2-4-ethynylFc 
To a 100 ml reaction flask under argon, P2-4-Br (223 mg, 0.914 mmol per repeating unit 
with Br-function) and tributylstannylethynyl ferrocene [14] (91 mg, 0.183 mmol) were 
added and dissolved in anhydrous toluene (30 ml). Pd(PPh3)2Cl2 (26 mg, 0.0365 mmol) in 
10 ml toluene was added and the sealed flask was heated to 100 
0
C for overnight. After 
cooling to room temperature, toluene was evaporated. Chloroform was added to the residue 
and the mixture was passed through a silica plug to remove catalyst residue. The solution 
was concentrated by evaporation and methanol added to the crude product to collect all 
precipitate on filter paper for the Soxhlet extraction with methanol. Later soxhlet 
purification, the product P2-4-ethynylFc obtained by reprecipitation from methanol, 295 
mg, 86% yield.  
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.60 (d, J=7.9 Hz, 2H, Q/Ar-H; 24), 7.46 (d, 
J=8.8 Hz, 3H, I/Ar-H  & Q/Ar-H; 2-23), 7.41 (m, 2H,  I/Ar-H; 3-4), 7.06 (s) - 7.05 (s) -
7.04 (s) (ω-Q end Th-H & Fc.func.3HT.-3HTh-H; 21-12), 7.00 (bs, 3HTh-H; 14), 6.96 (s, 
I-3HT-H; 6), 6.94 (s, ω-Fc end Th-H; 26) 4.52 (bs, ω-Q end Fc-H & Fc-end Fc-H; 8-28), 
4.28-4.26 (s, ω-Q end Fc-H & Fc-end Fc-H; 9-29), 4.21-4.18 (s, ω-Q end Fc-H & Fc-end 
Fc-H; 10-30), 2.96 (t, J=8.5x(2) Hz, α-CH2-Fc-end-3HT; 27), 2.89 (m, α-CH2-Fc-
_func.3HT; 11), 2.82 (t, J=6.9x(2) Hz, ThCH2(CH2)4CH3; 15), 2.75 (t, J=7.3x(2) Hz, I-Th-
α-CH2; 7), 2.70 (t, J=7.6x(2) Hz, ω-Q end Th-α-CH2; 22), 2.52 (s, 3H, I-CH3; 5), 1.72 (m, 
ThCH2CH2(CH2)3CH3; 16), 1.45 (m, ThCH2CH2CH2(CH2)2CH3; 17), 1.38 (m, 
ThCH2CH2CH2(CH2)2CH3 & Q-SC(CH3)3 & I-SC(CH3)3 ; 18-19-25-1), 0.95 (m, 
Th(CH2)5CH3; 20); 
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7.3.3.3. Donor-Acceptor Chromophores  
 
P2-4-TCBD-DMA  
P2-4-ethynylDMA (50 mg, 0.162 mmol per repeating unit with DMA donor) was 
dissolved in 10 ml anhydrous CH2Cl2 and tetracyanoethylene (TCNE) (5 mg, 0.04 mmol) 
was added at room temperature, an immediate change in color to orange-brown from 
orange was seen. The reaction mixture was stirred for 2 more hrs at room temperature and 
then the solvent removed by evaporation. Methanol was added and the precipitate was 
taken to filter paper for Soxhlet extraction. After the removal of light red-methanol soluble 
part with soxhlet, the residual part, P2-4-TCBD-DMA dried under vacuum, 45 mg, 64% 
yield. 
 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.85 (d, J=9.6 Hz, 2H, ω-DA end dma_Ar-
H; 28), 7.59 (d, J=8.0 Hz, 2H, Q/Ar-H; 24), 7.45 (d, J=8.6 Hz, 3H, I/Ar-H  & Q/Ar-H; 2-
23), 7.42 (m, 4H,  I/Ar-H & ω-Q end dma_Ar-H; 3-4-9), 7.18 (s, ω-DA-end_3HT-H; 26), 
7.10 (s, DA func_3HT-3HTh-H; 12), 7.05 (bs) - 7.02 (s) (ω-Q end Th-H & DA func_3HT-
3HTh-H; 21-12), 7.00 (bs, 3HTh-H; 14), 6.96 (s, I-3HT-H; 6), 6.77 (d, J=9.3 Hz, 2H, ω-
DA end dma_Ar-H; 29), 6.74 (d, J=9.1 Hz, 2H, ω-Q end dma_Ar-H; 10), 3.19 (s, -
N(CH3)2; 30), 3.14 (s, -N(CH3)2; 11), 2.89 (m, α-CH2-DA_func.3HT; 8), 2.82 (t, J=7.4x(2) 
Hz, ThCH2(CH2)4CH3; 15), 2.76 (t, J=7.8x(2) Hz, I-Th-α-CH2; 7), 2.70 (m, ω-Q end Th-α-
CH2 & ω-DA-end_Th- α-CH2; 22-27), 2.64 (t, J=8.0x(2) Hz, DA_func.3HT.-3HTh-α-CH2; 
13), 2.51 (s, 3H, I-CH3; 5), 1.70 (m, ThCH2CH2(CH2)3CH3; 16), 1.46 (m, 
ThCH2CH2CH2(CH2)2CH3; 17), 1.37 (m, ThCH2CH2CH2(CH2)2CH3; 18-19), 1.35 (s, Q-
SC(CH3)3; 25), 1.35 (s, I-SC(CH3)3; 1), 0.90 (m, Th(CH2)5CH3; 20); 
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13
C NMR (125.8 MHz; CDCl3; Me4Si) δ (ppm): 166.1 - 164.5 - 162.8 - 160.1 (ω-DA end 
3HTh-(CN)2CC-CC(CN)2-; n-q or ω-Q end 3HTh-(CN)2CC-CC(CN)2-; b-e), 154.4 (C
q, ω-
DA end Ar-N(CH3)2; w), 154.1 (C
q, ω-Q end-DA func. Ar-N(CH3)2; k), 140.2 (ω-Q end 
3HTh; 30), 139.9 (3HTh; 20), 139.7 (I-Ar; 4), 139.5 (3HTh), 137.5 (Q-Ar; 33), 135.8 (I-
Ar; 5), 134.8 (I-Ar/Q-Ar; 7-31), 134.4 (3HTh), 134.3 (I-Ar; 9), 133.9 (3HTh; 18),  132.8 
(ω-Q end DA func. Ar-N(CH3)2; i), 132.7 (ω-DA end Ar-N(CH3)2; u), 132.5 (I-Ar; 3), 
132.0 (I-Ar), 131.9 (Q-Ar; 34), 130.7 (3HTh; 27), 129.9 (I-Ar & I-3HTh; 8-11), 129.0 (Q-
Ar; 32), 128.7 (3HTh; 19), 128.5 (3HTh), 127.9, 127.2, 117.8 (ω-DA end Ar-N(CH3)2; t), 
114.9 – 114.6 –112.9 – 110.7 (ω-DA end 3HTh-(CN)2CC-CC(CN)2-; p-s or ω-Q end 
3HTh-(CN)2CC-CC(CN)2-; d-g), 112.2 (ω-DA end Ar-N(CH3)2; v), 111.9 (ω-Q end DA 
func. Ar-N(CH3)2; j), 95.3 (ω-Q end Th-(CN)2CC-CC(CN)2-Ar; c-f), 81.9 (ω-DA end Th-
(CN)2CC-CC(CN)2-Ar; o-r), 75.3 (ω-DA end Th-(CN)2CC-CC(CN)2-Ar; o-r), 67.9 (ω-Q 
end Th-(CN)2CC-CC(CN)2-Ar; c-f), 46.4 (Q-SC(CH3)3; 35), 46.2 (I-SC(CH3)3; 2), 40.3 (ω-
DA end-Ar-N(CH3)2; y), 40.2 (ω-Q end DA func.Ar-N(CH3)2; l), 31.8 (-
ThCH2CH2CH2(CH2)2CH3; 21), 31.2 (I-SC(CH3)3; 1), 31.1 (Q-SC(CH3)3; 36), 30.7 (-
ThCH2CH2CH2(CH2)2CH3; 22), 29.6 (I-Th-CH2-; 12), 29.4 (-ThCH2CH2CH2(CH2)2CH3; 
23), 29.1 (ω-Q end DA func.Q-Th-CH2-; 29), 22.8 (-ThCH2CH2CH2(CH2)2CH3; 24-25), 
21.5 (I-Ar-CH3; 6), 14.2 (-ThCH2CH2CH2(CH2)2CH3; 26); 
UV-Vis & FL (0.02 mg/ml solution in THF): λabsmax = 430 nm λonset= 537 nm E
opt
 = 2.31 
eV, λemmax = 566 nm (excited at 430 nm) 
P2-4-TCBD-Fc 
P2-4-ethynylFc (203 mg, 0.542 mmol per repeating unit with Fc donor) was dissolved in 
10 ml anhydrous CH2Cl2 and excess tetracyanoethylene (TCNE) (70 mg, 0.55 mmol) was 
added at room temperature, solution color started to change from orange to orange-brown 
in 10 min. The reaction mixture was stirred for 2 more hrs at 50 
0
C and then the solvent 
removed by evaporation. Methanol was added and the precipitate was taken to filter paper 
for Soxhlet extraction. After the removal methanol soluble part with soxhlet, the residual 
part, P2-4-TCBD-Fc, dried under vacuum, 140 mg, 51% yield. 
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1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.60 (d, J=7.9 Hz, 2H, Q/Ar-H; 24), 7.46 
(d, J=8.8 Hz, 3H, I/Ar-H  & Q/Ar-H; 2-23), 7.41 (m, 2H,  I/Ar-H; 3-4), 7.15 (s, ω-DA-
end_3HT-H; 26), 7.00 (bs, 3HTh-H & ω-Q end Th-H & DA func_3HT-3HTh-H; 14-21-
12), 6.96 (s, I-3HT-H; 6), 5.06-4.90-4.61 (s, ω-DA-end_Fc-H; 28-29), 4.52-4.20 (m, DA 
func_Fc-H & ω-DA-end_Fc-H; 9-10-11-30), 2.82 (m, ThCH2(CH2)4CH3; 15), 2.75-2.70 
(m, ω-Q end Th-α-CH2 & ω-DA-end_Th-α-CH2; 22-27), 2.51 (s, 3H, I-CH3; 5), 1.72 (m, 
ThCH2CH2(CH2)3CH3; 16), 1.46 (m, ThCH2CH2CH2(CH2)2CH3; 17), 1.36 (m, 
ThCH2CH2CH2(CH2)2CH3 & Q-SC(CH3)3 & I-SC(CH3)3; 18-19-1-25), 0.93 (m, 
Th(CH2)5CH3; 20) 
7.3.4.  Model Structures 
7.3.4.1. Model Compounds 
N,N-dimethyl-4-(thiophen-3-ylethynyl)aniline [25] 
 
To a round bottom flask under argon, 4-ethynyl-N,N-dimethylaniline (2.32 g, 16.0 mmol), 
3-bromothiophene (1.5 ml, 16.0 mmol), CuI (152 mg, 0.8 mmol) were added and dissolved 
in degassed mixture of THF (20 ml) and diisopropylamine (10 ml). Pd(PPh3)2Cl2 (281 mg, 
0.4 mmol) was added and the reaction mixture was heated  to 60 
0
C for overnight. After 
cooling to room temperature, mixture was poured into NH4Cl solution, extracted with 
CH2Cl2, water, brine, respectively. After then, that dark red colored organic layer was dried 
over MgSO4 and concentrated by evaporation. Purification with column chromatography 
(silica; eluent= Hexane: CH2Cl2 (4:1)) gave the desired product N,N-dimethyl-4-(thiophen-
3-ylethynyl)aniline [25] as white powder in 65 % yield (2.4 g).  
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.45 (dd, J=3.1,1.0 Hz, 1H, Th-H; 3), 7.40 
(d, J=9.1 Hz, 2H, Ar-H; 4), 7.29 (dd, J=3.1, 2.1 Hz, 1H, Th-H; 2), 7.18 (dd, J=4.9,1.0 Hz, 
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1H, Th-H; 1), 6.67 (d, J=9.1 Hz, 2H, Ar-H; 5), 3.00 (s, 6H,-N(CH3)2; 6); 
13
C NMR (125.8 
MHz; CDCl3; Me4Si) δ (ppm): 150.10 (C
q
, Ar-N(CH3)2), 132.62 (C
t
, Ar), 129.91 (C
t
, Th
5´
), 
127.30 (C
t
, Th
2´
), 125.01 (C
t
, Th
4´
), 123.14 (C
q
, Th
3´
; a), 111.85 (C
t
, Ar), 110.01 (C
q
, Th-
C≡C-Ar; d), 89.91 (Th-C≡C-Ar; c), 82.31 (Th-C≡C-Ar; b), 40.19 (-N(CH3)2); UV-Vis (in 
CH2Cl2): λmax = 323 nm 
Thiophen-3-ylethynylferrocene [26] 
 
To a 50 ml flask under argon, ethynylferrocene (1.0 g, 4.76 mmol), 3-iodothiophene 
[1]
 (1.0 
g, 4.76 mmol), CuI (45 mg, 0.24 mmol) were added and dissolved in degassed mixture of 
THF (10 ml) and diisopropylamine (5 ml). Pd(PPh3)4 (137.5 mg, 0.12 mmol) was added 
and the reaction mixture was heated  to 50 
0
C for overnight. After cooling to room 
temperature, mixture was poured into NH4Cl solution, extracted with CH2Cl2, water, brine, 
respectively. After then, that orange organic layer was dried over MgSO4 and concentrated 
by evaporation. Purification with column chromatography (silica; eluent= Hexane:CH2Cl2 
(4:1)) gave the desired product 26 as orange powder in 85 % yield (1.18 g).  
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.46 (dd, J=2.8, 1.3 Hz, 1H, Th-H; 3), 7.28 
(dd, J=5.0, 2.8 Hz, 1H, Th-H; 2), 7.17 (dd, J=4.9, 1.1 Hz, 1H, Th-H; 1), 4.50 (t, J=1.9 x(2) 
Hz, 2H, Fc-H; 4), 4.26 (s, 5H, Fc-H; 6), 4.24 (t, J=1.9 x(2) Hz, 2H, Fc-H; 5); 
13
C NMR 
(125.8 MHz; CDCl3; Me4Si) δ (ppm): 129.92 (C
t
, Th
5´
), 127.66 (C
t
, Th
2´
), 125.11 (C
t
, 
Th
4´
), 122.96 (C
q
, Th
3´
; a), 87.65 (Th-C≡C-Fc; c), 80.74 (Th-C≡C-Fc; b), 71.34 (Cp-H), 
69.94 (Cp-H), 68.74 (Cp-H), 65.24 (Cp-C-EtTh; d); UV-Vis (in CH2Cl2): λmax = 298 nm 
3-Ethynylthiophene [27] 
186,
 
223
 
 
3-Bromothiophene (5.0 g, 30.7mmol), ethynyltrimethylsilane (5.2 ml, 36.8mmol), CuI 
(117 mg, 2 mol% eq.) and degassed 15 ml DIPA were added in a round-bottom flask under 
argon. Pd(PPh3)4 (2 mol%) was added and the reaction mixture was heated  to 50 
0
C for 
overnight. After cooling to room temperature, mixture was filtrated over packed silica 
column (eluent:hexane). Evaporated light brown oily product was added in a separate flask 
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for the de-protection of TMS groups. TBAF (1.0 M in THF 1:1 eq) was added to the flask 
in 10 ml THF at room temperature under argon. Black reaction mixture was stirred for 
additional 3 hrs. After solvent was removed via evaporation, water was added to the 
product and extracted with hexane. Dried and evaporated hexane soluble portion was then 
filtrated over a silica plug to obtain 3-ethynylthiophene [27] as orange liquid in 46% yield 
over two subsequent reactions (1.51 g). 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm):7.55 (dd, J=3, 1.1 Hz, 1H, Th-H; 3), 7.28 (m, 
1H, Th-H; 2), 7.18 (dd, J=5, 0.9 Hz, 1H, Th-H; 1), 3.08 (s, 1H, Th-C≡CH; 4); 13C NMR 
(125.8 MHz; CDCl3; Me4Si) δ (ppm): 129.58 (C
t
, Th
5´
), 128.49 (C
t
, Th
2´
), 125.41 (C
t
, 
Th
4´
), 125.16 (C
q
, Th
3´
; a), 88.12 - 66.58 (Th-C≡C-H; b-c) 
General reaction conditions for D-A model compounds 
Donor molecule (1.0 eq.) was dissolved in anhydrous CH2Cl2 (or 1,2-dichloroethane) and 
tetracyanoethylene (TCNE) (1.0-2.0 eq.) was added at room temperature with an 
immediate change in color. The reaction mixture was stirred for 2 more hrs and then the 
solvent removed by evaporation. Afterwards, the crude product was filtered through a plug 
of silica with CH2Cl2 as eluent to obtain desired product with both donor-acceptor 
moieties. 
2-(4-(dimethylamino)phenyl)buta-1,3-diene-1,1,4,4-tetracarbonitrile [MC-1] 
192
 
 
N,N-dimethyl-4-(thiophen-3-ylethynyl)aniline (20 mg, 0.14 mmol), TCNE (18 mg, 0.14 
mmol), 5 ml anhydrous 1,2-dichloroethane; an immediate change in color to dark blue-
purple, MC-1 as purple solid. 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 8.02 (s, 1H; 1), 7.56 (d, J=9.3 Hz, 2H, Ar-H; 
2), 6.77 (d, J=9.3 Hz, 2H, Ar-H; 3), 3.17 (s, 6H,-N(CH3)2; 4) 
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2-(4-(dimethylamino)phenyl)-3-(thiophen-3-yl)buta-1,3-diene-1,1,4,4-tetracarbonitrile 
[MC-2] 
 
N,N-dimethyl-4-(thiophen-3-ylethynyl)aniline (100 mg, 0.44 mmol), TCNE (75 mg, 0.585 
mmol), 10 ml anhydrous CH2Cl2; an immediate change in color to dark red from colorless, 
MC-2 as pink solid (142 mg, 91%). 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 8.16 (dd, J=2.9,1.6 Hz, 1H, Th-H; 3), 7.78 
(d, J=9.3 Hz, 2H, Ar-H; 4), 7.70 (dd, J=5.3, 1.4 Hz, 1H, Th-H; 1), 7.53 (dd, J=5.3, 3.0 Hz, 
1H, Th-H; 2), 6.73 (d, J=9.3 Hz, 2H, Ar-H; 5), 3.17 (s, 6H,-N(CH3)2; 6); 
13
C NMR (125.8 
MHz; CDCl3; Me4Si) δ (ppm): 162.93 (Th-(CN)2C=C-C=C(CN)2-Ar; c), 161.41 (Th-
(CN)2C=C-C=C(CN)2-Ar; b), 154.46 (C
q
, Ar-N(CH3)2), 135.86 (C
t
, Th
2´
), 133.59 (C
q
, 
Th
3´
; a), 132.40 (C
t
, Ar), 128.65 (C
t
, Th
4´
), 126.97 (C
t
, Th
5´
), 117.55 (C
q
, Th-(CN)2C=C-
C=C(CN)2-Ar; f), 114.26 - 113.28 -112.68 - 111.49 (Th-(CN)2C=C-C=C(CN)2-Ar; e-h), 
112,19 (C
t
, Ar), 83.10 - 73.94 (Th-(CN)2C=C-C=C(CN)2-Ar; d-g), 40.09 (-N(CH3)2); UV-
Vis (in CH2Cl2): λmax = 469 nm   
2-(4-ferrocenyl)-3-(thiophen-3-yl)buta-1,3-diene-1,1,4,4-tetracarbonitrile [MC-3] 
 
Thiophen-3-ylethynylferrocene (250 mg, 0.86 mmol),TCNE (220 mg, 1.7 mmol), 10 ml 
anhydrous CH2Cl2; an immediate change in color to dark blue from orange, MC-3 as dark 
blue solid (390 mg, 79%).                     
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 8.03 (dd, J=2.8,1.6 Hz, 1H, Th-H; 3), 7.50 
(dd, J=1.6, 1.3 Hz, 1H, Th-H; 2), 7.48 (dd, J=2.8x(2) Hz, 1H, Th-H; 1), 5.49 (dt, J=2.8, 1.3 
x(2) Hz, 1H, Fc-H), 5.04 (td, J=2.7x(2), 1.3 Hz, 1H, Fc-H), 4.86 (td, J=2.7x(2), 0.9 Hz, 
1H, Fc-H), 4.48 (s, 6H, Fc-H); 
13
C NMR (125.8 MHz; CDCl3; Me4Si) δ (ppm): 172.54 
(Th-(CN)2C=C-C=C(CN)2-Fc; c), 158.55 (Th-(CN)2C=C-C=C(CN)2-Fc; b), 135.04 (C
t
, 
Th
2´
), 132.54 (C
q
, Th
3´
; a), 128.60 (C
t
, Th
4´
), 126.80 (C
t
, Th
5´
), 113.57 - 112.62 - 112.40 - 
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111.96 (Th-(CN)2C=C-C=C(CN)2-Fc; e-h), 107.85 (Cp-C-; f), 82.08 - 78.66 (Th-
(CN)2C=C-C=C(CN)2-Fc; d-g) , 75.87 - 75.27 - 74.91 - 72.64 - 72.20 - 71.43 (Cp); UV-
Vis (in CH2Cl2): λmax1 = 342 nm,  λmax2 = 621 nm     
2-(4-ferrocenyl)buta-1,3-diene-1,1,4,4-tetracarbonitrile [MC-4] 
 
Ethynylferrocene (25 mg, 0.12 mmol), TCNE (15 mg, 0.12 mmol), 10 ml anhydrous 
CH2Cl2; an immediate change in color to blue from yellow, MC-4 as dark blue solid; UV-
Vis (in CH2Cl2): λmax1 = 353 nm, λmax2 = 639 nm 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.70 (s, 1H, Fc-TCBD-H; 4), 5.06 (bs, 4H, 
Fc-H; 1-2), 4.45 (s, 5H, Fc-H; 3); 
13
C NMR (125.8 MHz; CDCl3; Me4Si) δ (ppm): 165.02 
((CN)2C=CH-C=C(CN)2-Fc; b), 154.16 ((CN)2C=CH-C=C(CN)2-Fc; e), 113.75 – 113.14 – 
110.76 – 109.53 ((CN)2C=CH-C=C(CN)2-Fc; d-g), 95.06 ((CN)2C=CH-C=C(CN)2-Fc; c-
f), 76.32 - 73.74 - 73.27 - 72.34 - 71.22 (Cp) 
7.3.4.2. Model Polymers 
In order to set a correlation between the D-A functionalized moieties as side chain and as 
end group along the polymer backbone, synthesis of model polymers were also planned for 
the comparison with side chain/end group D-A functionalized polymers in terms of the 
optical and electrochemical properties. For that purpose, model polymers were aimed to be 
synthesized both with chemically and electrochemically. For chemical polymerization, first 
monomer [30] containing donor moiety was synthesized and that monomer was aimed to 
be polymerized by classical Grignard metathesis polymerization.
224
 Electrochemical 
polymerization procedure, on the other hand, was attempted for the monomers 25 and 26 
and the model compounds, MC-2 and MC-3 to form polymer chains consisting of donor 
or donor-acceptor functionalized repeating units.  
For chemical polymerization, to prevent any damage likely to happen to donor moiety, 2,5-
Br substitution for donor monomer (30) was chosen and the polymerization proceeded in 
GRIM conditions. 2,5-Dibromo substituted D-A functionalized thiophene monomer was 
synthesized by the following method. Bromo-substitution was chosen from both ends 
instead of 2-bromo-5-iodo substitution to obtain exactly 2,5-substitution for proceeding the 
polymerization in traditional order without any damage to donor moiety. Yet, due to the 
sterically hindered nature of the donor-substituted monomer, obtained product o-DMA 
comprised of shorter conjugation length (3 to 5-mers) than expected and converted into 
TCBD-adduct (o-TCBD) at least to observe the trends in absorbance (see chapter 4.4). In 
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consequence, o-TCBD exhibits a blue-shifted peak around 315 nm which is in agreement 
with a higher degree of TCBD-DMA functionalizations, in addition to the thiophene-
originated peak at 445 nm with a tail lying over longer wavelengths (Figure 4.13a).  
4-((2,5-dibromothiophen-3-yl)ethynyl)-N,N-dimethylaniline [30] 
 
3-Bromothiophene (3.0 g, 18.4 mmol) in dry Et2O (10 ml) mixture was cooled down to -78 
0 
C. nBuLi (2.5 M in hexane, 20.2 mmol, 8.1 ml) was added dropwise over 30 min and 
stirred for additional 30 min. Then iodine (4.7 g, 18.4 mmol) in dry Et2O (10 ml) was 
added to the reaction mixture and stirred for additional 1 hr at -78 
0 
C. After warmed to the 
room temperature, the reaction was quenched with water and unreacted iodine was 
removed by the addition of 10% Na2S2O3(aq). The mixture was extracted with NaHCO3(aq), 
water and NaCl(aq), respectively. After drying the organic layer over MgSO4 and 
evaporating, 3-iodothiophene [28] was obtained as colorless liquid in 75% yield (2.9 g).
225
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.43 (br s, 1H, Th-H), 7.22 (t, J=2.8x(2) 
Hz,1H, Th-H), 7.14 (m,1H,Th-H),  
Bromination of 3-iodothiophene (1.5 g, 7.1 mmol) was performed by addition of N-
bromosuccinimide (2.54 g, 14.3 mmol) in one portion, in DMF(30 ml) at room 
temperature. After stirring 1 more hour at room temperature, the mixture was stirred at 60 
0
C for overnight. After cooling, the reaction was quenched with water and extracted with 
hexane, water and NaCl(aq), respectively. The organic layer was dried over MgSO4 and 
evaporated, flash chromatography with hexane gave 2,5-bromo-3-iodothiophene [29] as 
yellow liquid in 64% yield (1.7 g).
226
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 6.94 (s, 1H, Th-H) 
To a round bottom flask under argon, 4-ethynyl-N,N-dimethylaniline (0.56 g, 3.84 mmol), 
2,5-bromo-3-iodothiophene (1.4 g, 3.84 mmol), CuI (37 mg, 0.19 mmol) were added and 
dissolved in degassed mixture of THF (14 ml) and diisopropylamine (7 ml). Pd(PPh3)2Cl2 
(70 mg, 0.1 mmol) was added and the reaction mixture was heated to 60 
0
C for overnight. 
A change in color from orange-brown to slurry yellow was seen during overnight stirring. 
After cooling to room temperature, the mixture was poured into NH4Cl solution, extracted 
with CH2Cl2, water, brine, respectively. After then, the organic layer was dried over 
MgSO4 and concentrated by evaporation. Purification with column chromatography (silica; 
eluent= Hexane: CH2Cl2 (4:1)) gave the desired product 4-((2,5-dibromothiophen-3-
yl)ethynyl)-N,N-dimethylaniline [30] as red-orange solid in 29% yield (0.4 g).  
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1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.44 (d, J=8.8 Hz, 2H, Ar-H), 7.01 (s, 1H, 
Th-H), 6.66 (d, J=8.8 Hz, 2H, Ar-H), 3.01 (s, 6H,-N(CH3)2); 
13
C NMR (125.8 MHz; 
CDCl3; Me4Si) δ (ppm): 150.30 (C
q
, Ar-N(CH3)2), 132.78 (C
t
, Ar), 131.94 (C
t
, Th
4´
), 
125.93 (C
q
, Th
3´
), 114.06 (C
q
, Th
2´
), 111.65 (C
t
, Ar), 110.48 (C
q
, Th-CC-Ar), 108.89 (C
q
, 
Th
5´
), 95.21 (Th-CC-Ar), 80.11 (Th-CC-Ar), 40.03 (-N(CH3)2). 
Polymerization of donor monomer [30] via KCTP and conversion into D-A 
counterpart:  
 
Compound 30 (400 mg, 1.04 mmol) was taken in a reaction flask and diluted with 15 ml 
dry THF. 
i
Pr-MgCl (2.0 M solution in THF, 0.52 ml, 1.04 mmol) was added via syringe at 
room temperature and the reaction mixture was heated to reflux for 4 hrs. During reflux, 
the reaction color turned orange from yellow. While refluxing, Ni(dppe)Cl2 (54 mg, 0.102 
mmol) was transferred to a clean round-bottom flask and the flask was sealed carefully in 
the glove box, then taken outside from glove box. Dry THF (5 ml) and reactive monomer 
after iPr-MgCl treatment were added, respectively. Subsequently, the polymerization 
mixture was stirred at 50 
0
C for 14 hrs with the withdrawal of small portions within the 
first hr and after 12 hrs. These small portions and the end product were quenched with 
methanol and analyzed with SEC. The end product (o-DMA) was purified with 
chloroform-water extraction and also with soxhlet extraction with acetone. Then with a 
color change from red to dark green, D-A chromophored oligomer (o-TCBD) was 
obtained after the reaction of o-DMA with TCNE in dry CH2Cl2. 
o-DMA : DP: 10, 52 mg, 22 % yield, SEC: Mn= 693 g/mol, Mw= 1098 g/mol, Mn/Mw= 
1.58; o-TCBD: 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.70 (br-d, J=8.2 Hz, Ar-H), 
6.77 (m, Ar-H & Th-H), 3.19 (s, -N(CH3)2). 
Attempts for electrochemical polymerization: 
Electrochemical polymerization of the model compounds (MC-2 and MC-3) and their 
precursors (25 and 26) on Pt working electrode were carried out from 0.1 M TBAPF6 in 
dichloromethane/acetonitrile (5/95 v/v) electrolyte/solvent couple by applying potentials 
between 0 V and +1.0 V for 25 and MC-3, and 0 V and +1.5 V for 26 and MC-2 at a scan 
rate 100 mV/s.. 
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Figure 7. 2 Cyclic voltammograms of a) 25, b) MC-2, c) 26, d) MC-3 during 
electropolymerization attempts on Pt electrode in 0.1 M TBAPF6 /DCM/ACN electrolyte/solvent 
couple at a scan rate of 100 mV. s
-1 
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The electrodeposition of the polymers on Pt electrode was not clearly seen after application 
of these potentials for 10 cycles, which is seen in Figure 7.2. As a result, neither a decrease 
in monomer oxidation and thus increase in polymer oxidation nor any film formation on Pt 
electrode was observed after 10 cycles. 
7.3.5.  Mono/Bis-end functionalized chains` separation 
The components of P2 were aimed to be separated into its components by column 
chromatography with a gradual change in polarity and 
1
H-NMR spectra of fractions from 
each elution are given in Figure 7.3. As seen from Figure, increasing polarity facilitates the 
elution of lower molecular weight fraction of bis-end and higher molecular weight fraction 
of mono-end functionalized structures. 
 
Figure 7. 3 
1
H-NMR spectra of the column fractions of P2 eluted from the successive solvent 
combinations in different polarity 
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8. Formation of alligator clips 
8.1. Routes for trans-protection of precursors` anchoring groups 
8.1.1. Trans-protection of tert-butyl group 
Route I:
202
 BBr3-AcCl 
 
Initiator [2] (or quencher [6]) precursor molecule (25 mg, ~0.10 mmol) in dry o-
dichlorobenzene (10 ml) under argon atmosphere was cooled down to 0 
0
C. 
Borontribromide (1.0 M solution in CH2Cl2, 1.0 ml) was added dropwise, and then acetyl 
chloride (1.0 M solution in CH2Cl2, 1.0 ml) was added and the reaction mixture was stirred 
at room temperature for 3 hrs. The reaction mixture was quenched by pouring into the ice-
water mixture and extracted with chloroform. After drying over MgSO4, concentrating 
under reduced pressure and purifying with column chromatography (Silica, eluent: 
Hexane:CH2Cl2 (1:1)), the re-protected precursors obtained. 
S-(4-bromo-3-methylphenyl)ethanethioate [31]: 15.4 mg, 65 % yield,  
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.57 (d, J=8.2 Hz, 1H, Ar-H), 7.28 (d, J=1.6 
Hz, 1H, Ar-H), 7.10 (dt, J=8.2, 1.1x(2) Hz, 1H, Ar-H), 2.43 (s, 3H, Ar-CH3), 2.42 (s, 3H, -
SOCCH3). 
S-(4-bromophenyl)ethanethioate [32]: 16.3 mg, 69 % yield,
  
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.55 (d, J=8.5 Hz, 2H, Ar-H), 7.28 (d, J=8.5 
Hz, 2H, Ar-H), 2.43 (s, 3H, -SOCCH3). 
8.1.2.  Trans-protection of TMSE group 
Route II:
227
 TBAF-AcCl 
The use of BBr3 as a re-protecting agent for TMSE moiety was not worked well; after 
applying the exactly same procedure for the removal of the tert-butyl moiety, TMSE group 
signals remain same according to 
1
H-NMR spectra. As a result, valid re-protection 
conditions for tert-butyl cannot be used for TMSE at the same time.  
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For TMSE moiety; tetrabutylammonium fluoride (TBAF) solution (1.0 M in THF) was 
used to test de-protecting ability. 0.18 ml TBAF solution was added to THF (10 ml) 
solution of (2-((3,5-dimethylphenyl)thio)ethyl)trimethylsilane (25 mg, 0.09 mmol) at room 
temperature. Then acetyl chloride solution (1.0 M in CH2Cl2, 0.18 ml) was added and 
reaction stayed 30 more min at that temperature. Afterwards, distilled water added to the 
reaction mixture, extracted with chloroform, dried and concentrated under reduced 
pressure to give thioacetate protected precursor [32] having the same 
1
H-NMR spectra with 
thioacetate converted tert-butyl precursor, 16 mg, 81 % yield. 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.54 (d, J=8.5 Hz, 2H, Ar-H), 7.28 (d, J=8.5 
Hz,2H, Ar-H), 2.42 (s, 3H, -SOCCH3). 
Route III:
228
 AgBF4-AcCl  
The TMSE-protected quencher precursor [7] (50 mg, 0.17 mmol) was taken to a reaction 
flask and diluted with dry CH2Cl2. Later, the addition of an excess amount of acetyl 
chloride solution (1.0 M in CH2Cl2, 0.35 ml) was followed by the addition of silver 
tetrafluoroborate (68 mg, 0.35 mmol). By the addition of AgBF4, an immediate color 
change from colorless to white was observed. After stirring for 1 hr at room temperature, 
the reaction mixture was quenched by the addition of water and extracted with chloroform, 
dried and concentrated to provide the expected trans-protected quencher precursor [32], 30 
mg, 75 % yield. 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.55 (d, J=8.2 Hz, 2H, Ar-H), 7.28 (d, J=8.2 
Hz, 2H, Ar-H), 2.43 (s, 3H, -SOCCH3). 
8.2. Trans-protection of oligomer wires 
8.2.1.  Oligomer wires with tBu-S protected anchoring groups 
Oligomer (100 mg, 0.60 mmol per repeat unit) in dry o-dichlorobenzene (20 ml) under 
argon atmosphere was cooled down to 0 
0
C. Borontribromide (1.0 M solution in CH2Cl2, 
7.8 ml, for two protecting units) was added dropwise, the reaction mixture was then heated 
to 75 
0
C after which acetyl chloride (1.0 M solution in CH2Cl2, 40 ml, for two protecting 
units) was added in small portions.
207
 The reaction was stirred overnight at that 
temperature and quenched by pouring into the ice-water mixture, extracted with 
chloroform. After drying over MgSO4 and concentrating under reduced pressure, the 
desired product was further purified by Soxhlet extraction with methanol. 
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P1-SAc: [α4-SAc(2-tol)/ωH(Br)] 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.51 (m, I/Ar-H; 2), 7.35 (d, J=7.9 Hz)-7.30 
(bs) (I/Ar-H; 3-4), 7.05 (s, I-3HT-H; 6),7.00 (bs, 3HTh-H; 8), 6.95 (s, Th-H or I-3HT-H; 
15,6), 6.83 (s, ω-Br end Th-H; 15), 3.79 (s, ω-H(Br) end I/S-H; 18), 3.76 (s, ω-H(Br) end 
I/S-H; 18), 3.02 (t, J= 7.9x(2) Hz, α-I-Th-α-CH2; 7), 2.82 (t, J=7.3x(2) Hz, 
ThCH2(CH2)4CH3; 9), 2.56 (s) –2.53 (bs) - 2.52 (bs) (I-CH3 for ω-H end & ω-Br end; 5), 
2.42 (s) - 2.39 (bs) - 2.38 (s) (s, I/S-COCH3; 1), 2.33(s) - 2.30 (s), 1.72 (m, 
ThCH2CH2(CH2)3CH3; 10), 1.45 (m, ThCH2CH2CH2(CH2)2CH3; 11), 1.36 (m, 
ThCH2CH2CH2(CH2)2CH3; 12-13), 0.93 (m, Th(CH2)5CH3; 14) 
P2-SAc: α4-SAc(2-tol)/ω4-SAc(Ph), 64% yield 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.54-7.51-7.49 (overlapped) (m, 5H; 2-17-
18), 7.35-7.33-7.30 (overlapped) (2H, I/Ar-H; 3-4), 7.14 (s), 7.05 (s, Q-3HT-H; 15), 7.01 
(s, I-3HT-H; 6), 6.99 (bs, 3HTh-H; 8), 6.96 (bs), 6.95 (s), 6.83 (s, ω-Br end Th-H; 27), 
3.80-3.79-3.68 (s, I-Q/S-H; 20-26), 3.01 (t, J= 7.6x(2) Hz, α-I-Th-α-CH2 or I-Q/S-H- Th-α-
CH2; 7), 2.82 (t, J=7.6x(2) Hz, ThCH2(CH2)4CH3; 9), 2.69 (t, J=7.9x(2) Hz, ω-Q end Th-α-
CH2; 16), 2.56 (s) – 2.54 (s) - 2.52 (s) (I-CH3 for ω-H end & ω-Br end & ω-Q end; 5 or 
22), 2.47 (s, Q/S-COCH3; 19), 2.45 (s, I/S-COCH3; 1), 1.72 (m, ThCH2CH2(CH2)3CH3; 
10), 1.44 (m, ThCH2CH2CH2(CH2)2CH3; 11), 1.36 (m, ThCH2CH2CH2(CH2)2CH3; 12-13), 
0.93 (m, Th(CH2)5CH3; 14) 
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P3-SAc: [α4-SAc(2-tol)/ω4-STMSE(Ph)] 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.54-7.51-7.49 (m, 2-17-18), 7.35-7.33-7.30 
(overlapped) (m, I/Ar-H; 3-4), 7.05 (s, Q-3HT-H; 15), 7.03 (s, I-3HT-H; 6), 7.00 (bs, 
3HTh-H; 8), 6.95 (s), 6.91 (s, ω-H end Th-H; 30), 6.83 (s, ω-Br end Th-H; 26), 3.80-3.79 
(s, I/S-H; 22), 3.02 (m, α-I-Th-α-CH2 and Q-SCH2CH2Si(CH3)3; 7-19), 2.82 (t, J=7.6x(2) 
Hz, ThCH2(CH2)4CH3; 9), 2.70 (t, J=7.6x(2) Hz, ω-Q end Th-α-CH2; 16), 2.62 (m, ω-H 
end & ω-Br end Th-α-CH2; 27-29), 2.56 (s) – 2.53 (bs) - 2.52 (s) (I-CH3 for ω-H end & ω-
Br end & ω-Q end; 5 or 24), 2.46-2.44 (s, I/S-COCH3; 1), 1.71 (m, ThCH2CH2(CH2)3CH3; 
10), 1.46 (m, ThCH2CH2CH2(CH2)2CH3; 11), 1.36 (m, ThCH2CH2CH2(CH2)2CH3; 12-13), 
0.99 (m, Q-SCH2CH2Si(CH3)3; 20), 0.91 (m, Th(CH2)5CH3; 14), 0.09 (s, 9H, Q-
SCH2CH2Si(CH3)3; 21). 
8.2.2.  Oligomer wires with TMSE-S protected anchoring groups 
Route II: TBAF solution (1.0 M in THF, 2.4 ml, for two protecting units) was added to a 
solution of the oligomer (20 mg, 0.12 mmol per repeat unit) in anhydrous THF (10 ml). 
Then acetyl chloride solution (1.0 M in CH2Cl2, 4.8 ml, for two protecting units) was 
added at room temperature and then the reaction mixture was stirred at 60 
0
C for additional 
3 hrs. Afterward, distilled water added to the reaction mixture, extracted with chloroform 
and NaCl(aq) solution, dried and concentrated under reduced pressure to give thioacetate 
trans-protected products. 
Route III: Acetyl chloride solution (1.0 M solution in CH2Cl2, 1.2 ml, for two protecting 
units) was added to a solution of the oligomer (20 mg, 0.12 mmol per repeat unit) in dry 
CH2Cl2 (10 ml) under argon atmosphere. Silver tetrafluoroborate (100 mg, 0.51 mmol, for 
two protecting units) was added and immediate change in solution color from orange to 
dark orange-brown was observed. The reaction mixture was then stirred for additional 1 hr 
at 40 
0
C. The reaction was quenched by pouring into water and then worked up. After 
drying over MgSO4 and concentrating under reduced pressure, the target product was 
obtained. It is noteworthy that not all of re-protection attempts of same oligomer batches 
with TBAF solution were successful, which may be originated from the loss of reactivity 
of TBAF solution (1.0 M in THF) in time even it has an acro-seal bottle. Since the results 
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from TBAF-AcCl trans-protections were not reliable enough, route III was chosen for the 
further applicability. 
P4-SAc :   [α4-SAc(2-tol)/ωH(Br)] 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.48 (d, J=7.9 Hz, I/Ar-H; 3), 7.34 (bs, I/Ar-
H; 2), 7.29 (dd, J=6.9,1.3 Hz, I/Ar-H; 4),7.14 (s), 7.05 (s, I-3HT-H; 6), 6.99 (bs, 3HTh-H; 
8), 6.95 (s, ω-H end Th-H; 15), 6.91 (s, ω-H end Th-H; 17), 6.83 (s, ω-Br end Th-H; 18), 
3.01 (t, J= 7.6x(2) Hz, α-I-Th-α-CH2; 7), 2.82 (t, J=7.6x(2) Hz, ThCH2(CH2)4CH3; 9), 2.66 
(t, J=7.3x(2) Hz, ω-H end Th-α-CH2; 16), 2.56 (s)-2.54 (s)-2.52 (s) (I-CH3 for ω-H end & 
ω-Br end; 5), 2.45 (s, I/S-COCH3; 1), 1.69 (m, ThCH2CH2(CH2)3CH3; 10), 1.44 (m, 
ThCH2CH2CH2(CH2)2CH3; 11), 1.36 (m, ThCH2CH2CH2(CH2)2CH3; 12-13), 0.91 (m, 
Th(CH2)5CH3; 14)  
P5-SAc : [α4-SAc(2-tol)/ω4-SAc(Ph)] 
 
1
H NMR (500 MHz; CDCl3; Me4Si) δ (ppm): 7.52 (d, J=8.2 Hz, Q/Ar-H; 18), 7.48 (d, 
J=8.2 Hz, I/Ar-H; 3), 7.47 (d, J=8.2 Hz, Q/Ar-H; 17), 7.33 (bs, I/Ar-H; 2), 7.29 (dd, 
J=6.3,1.3 Hz, I/Ar-H; 4), 7.04 (s, Q-3HT-H; 15), 6.99 (bs, 3HTh-H; 8), 6.95 (s, I-3HT-H; 
6), 6.91 (s, ω-H end Th-H; 22), 6.83 (s, ω-Br end Th-H; 23), 2.81 (t, J=7.3x(2) Hz, 
ThCH2(CH2)4CH3; 9), 2.69 (t, J=7.6x(2) Hz, ω-Q end Th-α-CH2; 16), 2.56-2.53-2.51 (s, I-
CH3 for ω-H end & ω-Br end  ω-Q end; 5), 2.47 (s, Q/S-COCH3; 19), 2.45 (s, I/S-COCH3; 
1), 1.69 (m, ThCH2CH2(CH2)3CH3; 10), 1.44 (m, ThCH2CH2CH2(CH2)2CH3; 11), 1.36 (m, 
ThCH2CH2CH2(CH2)2CH3; 12-13), 0.91 (m, Th(CH2)5CH3; 14) 
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8.3. Absorbance Studies for in-situ de-protection  
Model measurements were performed by recording absorbances during the gradual 
addition of cleaving agents (NH4OH, Et4NOH, Et3N, TBAF or AgBF4) to trans-protected 
initiator/quencher precursors to optimize best conditions for oligomer structures. Then, 
UV-visible absorbances were recorded in order to observe the conversion of P2-SAc into 
P2-S
2-
 by in-situ de-protection with NH4OH as well as the conversion of P3, P4 and P5 
into their corresponding thiolates with directly in-situ de-protection with TBAF or AgBF4 
solution without the formation of SAc intermediates. For the in-situ de-protection studies 
with the above-mentioned bases, 0.01 M THF solutions of bases were prepared and 
gradually added to the 0.02 mg/ml oligomer containing solutions or 0.3 mg/ml 
initiator/quencher precursor compound containing solutions. 
8.4. Surface Binding Studies 
All solutions and samples for XPS measurements were prepared under argon atmosphere. 
To prepare the solution of the oligomer P2-SAc, 5.0 mg of P2-SAc was added to 10 mL of 
dry THF and stirred for 30 min. The freshly plasma-cleaned Au substrates were used for 
the preparation of the Samples I-III. To prepare Sample I, 1.0 mL of 10% v/v NH4OH was 
added to the solution of P2-SAc (for in situ de-protection), the Au substrate was immersed 
into thus formed P2-S
2-
 and left for 10 hrs. After that, the substrate was taken from the 
solution and rinsed in vials with clean THF three times; afterward, the substrates were 
dried under nitrogen flow and used for the measurements. Sample II was prepared 
similarly to the Sample I with the only difference that no NH4OH added to the solution of 
P2-SAc prior the adsorption of the oligomer. Sample III was prepared by the drop-casting 
of P2-SAc. To this end, a drop of P2-SAc was placed onto the freshly cleaned gold 
substrate and the solvent was allowed to evaporate at ambient conditions. No rinsing steps 
were involved.          
8.5. Mechanically Controllable Break Junction Experiments 
Single-molecule conductance measurements were performed with MCBJs employed with 
gold electrodes and the histograms were obtained after 100 curves for conductance traces 
and 280 curves for IV-sweep. Bias voltage was 100 mV and the voltage swept 
simultaneously from -0.8 V to 0.8 V. The closed and open resistance limit was set to 300 
Ohm and 1e9 Ohms. 
8.6. Oligomer-attached DNA Origami-Based Au Nanowires 
The six-helix bundle DNA origami nanotube design was adopted from Bui et al.
229
 and 
used as a template for the metallization process. Attachment of AuNP (5 nm) on DNA 
origami nanotubes (1 nM) was performed at room temperature on 300 nm SiO2 thermally 
grown on Si substrates. DNA-functionalized AuNPs solution (30 nM) deposited on the 
substrate surface and further incubated for 10 min at room temperature. Au plating solution 
(GoldEnhance EM, Nanoprobes) was used for further metallization of DNA origami 
nanotubes with 20 min incubation time. Metallized DNA origami nanotubes were imaged 
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with scanning electron microscopy (SEM). After the metallization process, the electrodes 
and the connection pads were fabricated using electron beam lithography (Raith eLINE 
Plus). First, 300 nm ZEP520A (pure) electron beam resist was spin-coated on top of the 
substrate and baked at 150 °C for 10 min. Then, the resist was exposed to an electron beam 
at 10 kV acceleration voltages. After the electron exposure, the resist was developed by 
immersing the substrate first in N-amyl acetate for 90 s and then in isopropanol for 30 s. A 
buffer layer of 5 nm Ti was then deposited on the sample by electron beam evaporation at 
a rate of 0.4 Å/s, followed by 100 nm Au at a rate of 2.0 Å/s (working pressure ∼10−9 
mbar). After Au deposition, resist lift-off was performed by submerging the substrate in 
dimethylacetamide for 1 hr and subsequent washing with isopropanol followed by drying 
in a stream of N2. Electrical measurements were carried out in a vacuum (∼10
−5
 mbar) in 
the dark using a Keithley 2400 source meter at room temperature. Current measurements 
were obtained by sweeping the voltage range from −30 mV to +30 mV. After the I-V 
characterization of the nanowire, toluene (2 ml) solution of P2-SAc (1.3 mg) dribbled on 
(3 μl from 2000 μl solution) DNA origami based nanowire and I-V measurement was 
repeated. 
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IV. Appendix 
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Figure A. 1 Comparison of 
1
H-NMR spectra of 
t
Bu-protected and TMSE-protected di-
functionalized products, P2 and P5 (the reinitiated products for P5 are shown as *) 
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Figure A. 2 Calculation of DPs of donor-functionalized oligothiophene wires from 
1
H-NMR 
spectra 
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Figure A. 3 SEC profiles of donor-functionalized products obtained by KCTP and GRIM 
 
 
 
Figure A. 4 SEC profiles of products obtained by post-polymerization modification method for the 
DMA functionalization in 1 to 0.08 degree 
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Figure A. 5 NOESY 
1
H-
1
H NMR spectra of P2 and P2-4-Br with the labeled new peaks in both 
aromatic and aliphatic regions 
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Figure A. 6 NOESY 
1
H-
1
H NMR spectra of P2-4-Br and P2-4-ethynylDMA with the labeled new 
peaks in both aromatic and aliphatic regions 
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Figure A. 7 NOESY 
1
H-
1
H NMR spectra of P2-4-ethynylDMA and P2-4-TCBD-DMA with the 
labeled new peaks in both aromatic and aliphatic regions 
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Figure A. 8 whole NOESY 
1
H-
1
H NMR spectrum of P2 
 
Figure A. 9 
13
C-NMR spectrum of P2 
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Figure A. 10 DEPT- 
13
C-NMR spectrum of P2  
 
Figure A. 11 whole NOESY 
1
H-
1
H NMR spectrum of P2-4-Br [1:0.08] 
  
173 
 
 
Figure A. 12 COSY 
1
H-
1
H NMR spectrum of P2-4-Br [1:0.08] 
 
Figure A. 13 
13
C-NMR spectrum of P2-4-Br [1:0.08] 
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Figure A. 14 whole NOESY 
1
H-
1
H NMR spectrum of P2-4-ethynylDMA 
 
Figure A. 15  COSY 
1
H-
1
H NMR spectrum of P2-4-ethynylDMA 
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Figure A. 16 
13
C-NMR spectrum of P2-4-ethynylDMA 
 
Figure A. 17 DEPT 
13
C-NMR spectrum of P2-4-ethynylDMA 
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Figure A. 18 NOESY 
1
H-
1
H NMR spectrum of P2-4-TCBD-DMA 
 
Figure A. 19 COSY 
1
H-
1
H NMR spectrum of P2-4-TCBD-DMA 
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Figure A. 20 
13
C-NMR spectrum of P2-4-TCBD-DMA 
 
Figure A. 21 DEPT 
13
C-NMR spectrum of P2-4-TCBD-DMA 
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Figure A. 22 
1
H-NMR spectra of P12 after the attempts of click reaction showing almost no 
change upon treatment with TCNE 
 
Figure A. 23 
1
H-NMR spectra of model compound 2 (MC-2) and its precursor (25) 
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Figure A. 24 
1
H-NMR spectra of model compound 3 (MC-3) and its precursor (26) 
 
Figure A. 25 Normalized solution absorbance of some of the model compounds and their precursor 
donor compounds 
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Figure A. 26 Cyclic voltammograms of D-end group functionalized P13 (GRIM product) and D-
A-end group functionalized P13-TCBD with oxidation profiles and maxima potentials; enlarged 
reduction profile of P13-TCBD with well-defined reduction peaks, broader than P13-TCBD and 
onset potentials (inset graph) 
 
Figure A. 27 Cyclic voltammograms of D-end group functionalized P14 (GRIM product) and D-
A-end group functionalized P14-TCBD with Fc as donor moiety oxidation peak maxima; enlarged 
reduction profiles of P14-TCBD with reduction peak maxima and onset potentials (inset graphs) 
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Figure A. 28 Solution absorption spectra (a) and fluorescence spectra (b) of products from post-
polymerization modifications with DMA functionalization [1:0.08] in THF (0.02 mg/ml) 
 
Figure A. 29 Cyclic voltammograms of model compounds (MC-2 and MC-3) and precursor donor 
compounds (25 and 26) (2mg/ml)  
 
Figure A. 30 Cyclic voltammograms of P2-4-TCBD-DMA with [1:0.4] and [1:1.2] D-A content 
and o-TCBD; showing the effect of increasing D-A content on oxidation and reduction patterns. 
(the reduction peaks were not seen explicitly for o-TCBD) 
  
182 
 
 
Figure A. 31 
1
H-NMR spectra of 
t
Bu-protected initiator/quencher precursor compounds before and 
after the treatment with Route I used for the trans-protection of 
t
Bu-S into Ac-S; arising acetyl 
peaks at 2.42 ppm while disappearing tert-butyl peaks at 1.29 ppm 
 
Figure A. 32 
1
H-NMR spectra of  TMSE-protected quencher precursor before and after the 
treatments with Route II and III used for the trans-protection of TMSE-S into Ac-S; arising acetyl 
peaks at 2.43 ppm while disappearing TMSE related peaks at 2.95, 0.94 and 0.06 ppm 
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Figure A. 33 Evaluation of the reaction routes II and III by the comparison of 
1
H-NMR spectra of 
product P5-SAc from the precursor P5; displaying higher performance for Route III in Ac-S trans-
protection by the rising peaks around 2.47 & 2.45 ppm without the existence of free thiols or side 
products seen after Route II 
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Figure A. 34 
1
H-NMR spectra of product P3-SAc from the precursor P3 having two ends with 
different protecting groups and thus different trans-protection reaction conditions; showing current 
TMSE peaks with a small decrease in intensity which may be attributed to the effect of harmful 
reaction environment on TMSE group 
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Figure A. 35 
1
H-NMR spectra of mono 
t
Bu-functionalized product P1-SAc from the precursor P1 
after the treatment with Route I (yellow signs belong to o-DCB peaks left in product) 
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Figure A. 36 
1
H-NMR spectra of mono TMSE-functionalized product P4-SAc from the precursor 
P4 after the treatment with both Route II (middle spectrum) and Route III, showing mostly similar 
peaks with an additional side product which possibly formed by the combination of de-protected 
products upon TBAF treatment, Route II 
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Figure A. 37 2-D current-voltage traces of (a) toluene and (b) P2-SAc upon treatment with NH4OH 
in toluene  
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